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Abstract 
 
 How well do calculations methods prescribed in today’s design codes and 
standards represent conditions in natural fires?  Can the temperature and behavior of a 
steel member in fire be predicted from these calculations? A literature review of 
structural fire codes, full scale fire tests, published fire test data, the function and 
selection of design fires, mechanical and thermal behaviors of structural steel, and 
numerical calculation methods for the temperature of steel members was conducted 
as a foundation to analyze whether a not a structural fire engineer can answer these 
questions.    
 Through comparisons of published data from four natural fires tests performed 
at the Cardington test facility in the United Kingdom to numerical calculations based 
upon prescribed methods from Eurocode 3 and the Swedish Design Manual, time-
temperature curves were developed to demonstrate the variation in temperature of the 
recorded data in the natural fire tests at Cardington to the equivalent members being 
analyzed with numerical calculation methods.  When available, fire compartment 
characteristics were replicated during numerical calculations to ensure the highest 
correlation between the recorded and calculated results.   
 An Excel tool was created to rapidly calculate and produce the resulting time-
temperature curves as well as yield strength, modulus of elasticity, and load carrying 
capacity using a variety of input parameters including design fire data and steel 
member selection.  The goal of the Cardington fires study was to provide 
comparisons of published natural fire data to results of numerical calculation methods 
from the codes. 
 Additional comparisons were developed using a US Office design to show the 
effects of changing compartment and design parameters on the steel temperature, 
yield strength, elastic modulus and load carrying capacity.   
 Differences found in temperature of steel members between the published 
Cardington data and numerical calculations proved the difficulty of predicting the 
behavior of a structural steel beam throughout an entire length of a fire or even until 
failure.  Discussion of results addressed the selection of design fires, input parameters, 
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structural layouts of office buildings, heating and cooling phases of steel members, 
and failure criteria. 
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Chapter 1 – Introduction 
 
 It is the responsibility of both structural and fire protection engineers to 
provide all occupants (long-term, short-term, visitors, fire fighting personnel) of a 
building with a safe, reliable structure, not susceptible to collapse.  These occupants 
must be protected at a fire with respect to structural collapse of the building and 
intolerable levels of heat, smoke and toxic gases1 and fire fighting personnel must be 
guaranteed an equivalent level of safety in connection to rescue and fire fighting 
operations2.   
 In order to minimize the risk to these occupants and fire fighting personnel, 
engineers must better understand the performance, both mechanical and thermal, of 
structural elements under fire conditions. A better understanding of the performance 
of structural elements can help engineers predict the behavior of entire building 
systems and work towards the shift of code based design to the performance based 
approach.  To gain knowledge in this area, engineers must take advantage of the data 
available from full scale, natural fire tests to determine if the methods practiced today 
are sufficient to predict the behavior of these structural steel members in fire.  
 The structural fire engineering process is discipline that has been growing in 
popularity with the occurrences of fire leading to structural failure or collapse such as 
the World Trade Center.  Structural fire engineering and design has been and is 
continually being researched and tested by engineers around the globe.  Significant 
contributions have been made by researchers in Sweden and the United Kingdom, 
Australia, New Zealand, and the United States.  Some of the most notable work 
contributing to this developing area has been the European design codes and 
standards, or Eurocodes, and the Swedish Design Manual with the greatest influence 
from Ove Pettersson and Sven Magnusson.  All of these contributions, in addition to 
many other works and publications were carefully researched prior to the compilation 
of this report.   
 To follow the structural fire engineering process, previous work completed in 
2002 by Matthew Johann on “Fire Robust Structural Engineering: A Framework 
                                                 
1 Pettersson, 1 
2 Pettersson, 1 
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Approach to Structural Design for Fire Conditions” is referenced throughout the 
project as guidelines for the development of the design scenarios, comparisons of 
results, and analysis.   Overall, the project incorporates the entire structural thought 
process presented by Johann and shown in Figure 1.  The three areas that are focused 
on in this study include: 
 - Structural Design for Fire Conditions 
 - Structural Fire Analysis 
 - Acceptability of Performance 
 
Figure 1: Fire-Robust Design Thought Process 
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 The acceptability of performance for this project was defined by the load 
bearing capacity of a structural member.  This means that if the calculated load 
capacity of a structural member is less than its design load capacity, then it has failed.  
The scope of this project is limited to beams but this can be extended in future.  It is 
critical to understand the acceptable level of performance for a structure when it is 
designed.  In order to determine the success or failure of the structure, engineers must 
clearly define the limit states criteria for the building such as a maximum temperature, 
deflection, collapse; or the performance criteria that the building must achieve such as 
total evacuation, evacuation time, no partial collapse.  This project will focus on the 
theory of Pettersson that “In a fire engineering design of a load-bearing structure, it 
is to be proved that the load-bearing capacity does not decrease below a prescribed 
load, multiplied by a required factor of safety, during neither the heating period nor 
the subsequent cooling period of the process of fire development”3  
 To incorporate all components of the structural fire engineering process, the 
content of this thesis is two fold.  First, the work looked at how well prescribed 
design fire scenarios and analytical methods for the calculations of structural steel 
beam temperatures represent conditions in a natural fire. In the case of this project, 
the natural fire conditions are the full-scale fire tests completed at the Cardington test 
facility from 1993 to 1995.  The data provided from the Cardington tests was 
compared to the numerical methods prescribed by Eurocode 3 and the Swedish 
Design Manual.   The development of these comparisons provides engineers with a 
better understanding of the behavior, both thermally and mechanically, of steel beams 
in various fire compartments as well as insight to how the actual behavior of steel 
beams in an office design under natural fire conditions may be similar, or as found in 
this work, differ from numerical calculation methods prescribed in both the 
Eurocodes and Swedish Design Manual.  The comparisons of published data versus 
numerical data were created with similar compartment characteristics including fuel 
load, ventilation factors, and beam size.  
 The second part to the project was to examine the effects of varying 
parameters on selected compartments of an office layout.  This part took a step past 
                                                 
3 Pettersson, 13 
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the comparisons of the first section of the thesis to investigate how varying 
parameters such as the design fire, beam size, opening factor, and fuel load affect the 
steel temperature, yield strength, elastic modulus and load carrying capacity.  As 
quoted by Pettersson, “the design fire load density, the fire compartment 
characteristics, and the fire extinguishment systems constitute the basis for the 
determination of the design fire exposure” 4  Through these comparisons, engineers 
can gain awareness of the importance of identifying the distinct compartments of each 
structure and addressing the non-uniformity of building layouts.  For instance, the 
lobby area of an office might be located next to a standard, open-plan, cubicle layout 
or a series of compartmentalized spaces.  Engineers must identify both the 
compartment characteristics and the building characteristics before proceeding to 
analyze and evaluate performance. An assumption that one bay of a structure will 
behave similarly to another bay can not be made.   
 Through this two-fold thesis, the process of structural fire engineering, shown 
in Figure 1, is addressed from beginning to end.  To understand the process is 
essential to a structural fire engineer, and this project will provide comparisons, 
analysis and a structural fire analysis tool to identify the initial structural designs, 
provide analysis on their structural and thermal response to fire and discuss the 
acceptability of their performance.  
 
 
                                                 
4 Pettersson, 9 
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Chapter 2 – Background/Literature Review 
 
 With the increase in extreme events, awareness of fire and life safety and the 
technological advances in innovations of building designs, the field of structural fire 
protection is expanding each day.  Codes and standards organizations provide 
guidelines, regulations and techniques that govern structural fire design.  As the 
industry transitions from prescriptive design to performance-based design, there 
becomes a greater need for testing and analysis of building performance and 
structural behavior.  Through a combination of technological advances, increased 
interest and research, and the growing necessity to predict the behavior of structures, 
the way in which we currently analyze both the thermal and structural behavior of 
structural steel under fire conditions must be evaluated.  
2.1 Codes and Standards 
 Whether it is socially, politically, economically, technologically, or culturally, 
the drive towards globalization and standardization is a prominent movement.  
Through the creation of international codes and standards families both in the United 
States and the European Union, the construction and engineering industries have 
taken significant steps towards globalization and harmonization of construction and 
design codes.  The United States contains two international code families, the 
International Code Council (ICC) as well as the National Fire Protection Association 
(NFPA).  The European Union is governed by the European Committee for 
Standardization (CEN).  Shown in Figure 2 is the breakdown of the International 
Code Families which provide codes and standards impacting structural fire 
engineering and design.    
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Figure 2: Organization of International Code Familes5 
  
  
 With the continued growth of the code families in both the United States as 
well as the European Union, there is still evidence of differences in design 
calculations, procedures and calculation values when comparing U.S. practices with 
the Eurocodes.  This paper will look to examine these differences as well as introduce 
the role of other design codes such as the Swedish Codes.  It will also include other 
standards and testing organizations that influence these codes such as the 
International Standards Organization (ISO), the Association for Standards and 
Testing of Materials (ASTM), and the American Institute of Steel Construction 
(AISC).  After identifying the design methods prescribed by these codes and 
standards, their influence on structural fire protection will be shown through design 
comparisons and a thermal and mechanical analysis of structural members in a given 
office layout.   
                                                 
5 Sedlacek, Stangenberg, 2 
 
International Code 
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Code 
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2.1.1  Eurocodes 
 
 In hopes to work toward removing the technical barriers to trade, one of the 
main goals of the European Union, a set of ‘codes of practice’ has been developed by 
the standards body for Europe in areas of civil and structural engineering.  These 
Eurocodes have had effects on the structural fire design of buildings.  This project 
will focus on Eurocode 1 and Eurocode 3 and their provisions for structural fire 
design including design fire curves, techniques for the calculation of steel temperature 
under fire conditions, and both the thermal and mechanical properties of steel in fire.   
2.1.1.1  History 
 
 In 1975 the Commission of the European Community (CEC) took one step 
further to unifying the European countries by creating an action program in the area 
of construction.   The objective of this action program was “the elimination of 
technical obstacles to trade and harmonization of technical specifications”.6  From 
this action program came the development of harmonized construction and structural 
design specifications and standards now known as the Eurocodes.  The creation of 
these standards gave the member states of the European Community the option to 
replace their national rules with the new standards.  For example, the Eurocodes will 
replace the British.  This was a major step towards the unification of the European 
member states.   
 The European Common Market is controlled by various directives prepared 
by the Commission of the European Communities and agreed by the Council of 
Ministers.7  The Construction Product Directive (CPD) is directly related to the 
implementation of the system of Eurocodes.  The CPD represents the basis for free 
exchange of goods and services in the construction market as well as defines essential 
requirements for construction products in structures and civil engineering works.  In 
following the goal of eliminating trade barriers within the EU, the CPN created a 
                                                 
6 Guidance Paper, 7 
7 Sedlacek, Stangenberg ,173 
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mechanism to follow during the preparation and creation of European technical 
specification for products.  This mechanism works as follows: 
• Basic Principles for achieving sufficient “mechanical resistance and 
   stability” are laid down in an Interpretive Document prepared by a  
   Standing Committee with representatives of member states 
• This Standing Committee also prepares mandates for CEN to draft  
   European product specifications, ENVs and ENs that specify product 
   properties and testing procedures to prove that these properties comply 
   with the essential requirements. 
• Therefore, the Commission also initiated the preparation of unified 
   European standards in the construction field – the Eurocodes, which 
   provide principles and application rules for the design of buildings and 
   civil engineering works.   
  
 One of the main aims of the Eurocodes is to follow the provisions set forth by 
the CPD.  This can be seen in the various references to the CPD throughout Guidance 
Paper, Application and Use of the Eurocodes that was published by the European 
Commission in 2003.  A copy of this guidance paper can be found in Appendix A 
 The publication of the first set of European codes was completed in the 1980’s 
and by 1989 the Commission of the European Community, along with the member 
states, decided to transfer the drafting of the Eurocodes to the European Committee 
for Standardization (CEN) along with their approval and agreement. 
 Most of the original 62 pre-standards, ENVs, were published between 1992 
and 1998.  However, there were initial problems with harmonizing all of the 
calculation values in the codes so these original pre-standards contained box values 
which allowed the member states adopting the codes to choose the value they would 
like to use. 8  Finally, the transformation of the ENVs into the current European 
standards, ENs, began in 1998.  The full publication of the EN Eurocode Parts is 
expected no later than 2008; some are already out for use by the European Union. 
 
                                                 
8 Guidance Paper, 8 
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2.1.1.2 Goals and Objectives of the Eurocode Standards 
 
 After a meeting with the Standing Committee on Construction on the 19th of 
December 2001, a guidance paper was created to assist the member states with the 
implementation and understanding of the new Eurocodes.  The paper was prepared by 
members of the European Commission and representatives from the member states.  
The paper sets a common understanding of the Commission as well as the member 
states regarding the application of EN Eurocodes in structural design, the use of EN 
Eurocodes in harmonized standards and the adoption of European technical approvals 
for structural construction products.  The objectives of the paper are to  
 
• Give guidance on the elaboration, implementation and use of the EN 
  Eurocodes; 
• Provide the writers of the EN Eurocodes with the framework to  
  elaborate and finalize the ENs on the basis of the ENVs; 
• Provide writers the framework to make reference to incorporate the 
  EN Eurocode Parts as well as the European technical approvals for 
  structural products; 
• Allow the necessary parameters or classes or allowance for levels to 
  enable the Member States to choose the level of safety, durability and 
  economy applicable to construction works, in their territory; and 
• Provide Member States and the authorities concerned the elements  
  needed to prepare public contracts in respect of the Public   
  Procurement Directive. 9 
 
The overall aims of the Eurocode program were also defined in the guidance paper.  
The Eurocodes provide common design methods, expressed in a set of European 
standards, which are intended to be used as reference documents for Member States 
in order to: 
 
                                                 
9 Guidance Paper, 9 
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• Prove the compliance of building and civil engineering works with 
  Essential Requirements for Mechanical resistance and stability and the 
  Essential Requirement for safety in case of fire including durability; 
• Express in technical terms, these Essential Requirements applicable to 
  the works and parts thereof; and 
• Determine the performance of structural components and kits with  
  regard to mechanical resistance and stability and resistance to fire,  
  insofar as it is part of the information accompanying CE marketing.10 
 
The EN Eurocodes are intended to become the recommended means of the structural 
design of works and parts thereof, to facilitate the exchange of construction services 
and to improve the functioning of the European construction market.  The intended 
benefits and opportunities of the Eurocodes are to  
 
• Provide common design criteria and methods to fulfill the specified 
  requirements for mechanical resistance, stability and resistance to fire, 
  including aspects of durability and economy; 
• Provide a common understanding regarding the design of structures 
  between owners, operators and users, designers, contractors, and  
  manufacturers of construction products; 
• Facilitate the exchange of construction services between member  
  states; 
• Facilitate the marketing and use of structural components and kits in 
  Members States; 
• Facilitate the marketing and use of materials and constituent products, 
  the properties of which enter into design calculations, in Members  
  States; 
• Be a common basis for research and development, in the construction 
  sector;  
• Allow the preparation of common design aids and software; and  
                                                 
10 Guidance Paper,6 
Comparisons of Structural Designs in Fire  Collette 
 
 21
• Increase the competitiveness of the European civil engineering firms, 
  contractors, designers and product manufacturers in their worldwide 
  activities.11 
2.1.1.3 Documentation Process 
 
 In order to become a fully published and implemented Eurocode standard, the 
Eurocode must be preapproved by the CEN as a pre-standard, ENV.  The Eurocodes 
will remain at ENV status for about three years.  During the three years as a pre-
standard, it is highly suggested to Members States to try out the ENV and provide 
feedback to the CEN before the document is published as a full standard.  The ENV 
pre-standards are often accompanied by a National Application Document (NAD) to 
allow the ENVs to be used in the particular member states.   At the end of a 
document’s period as an ENV, it is updated with comments provided by Members 
States and finally approved by the CEN as a full, working European Standard, or EN 
(example EN1991)12.  These ENs can now be implemented throughout the European 
Union as the governing structural codes.   
 Generally, a nation adopting the Eurocodes will have to remove their current 
governing codes within six months of implementation.  The final ENs are made 
available in English, French and German and often contain a National Annex.  This 
clarifies “directly or by reference to specific provisions, information on those 
parameters which are left open in the Eurocodes for national choice”13.  These 
Nationally Determined Parameters are to be used for the design of buildings and civil 
engineering works constructed in the country concerned.  They can include items 
such as values or classes where alternatives are given in the EN Eurocode, values to 
be used where a symbol is only given country specific data, or the procedure to be 
used where alternative procedures are given in the EN Eurocode. 14   
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 EN1990 Eurocode: Basis of Structural Design is the head document in the 
Eurocode set.  This document describes the principles and requirements for safety, 
serviceability and durability as well as provides the basis and general principles for 
the structural design and verification of buildings and civil engineering works.  It is 
the first operational 'material-independent' design code. As EN1990 will be used with 
all the other Eurocodes (EN1991 to EN1999) for design, they cannot be used without 
the information from it.16 
 Another important part to this primary document in the Eurocodes is that the 
basic principles of structural design have been harmonised for European Community 
member states and for the principal construction materials disciplines. The complete 
list of the EN standards is as presented in Table 1: 
Table 1: EN Standards 
Eurocode Title 
EN 1990 Eurocode: Basis of structural design 
EN 1991 Eurocode 1: Action on structures 
EN 1992 Eurocode 2: Design of concrete structures 
EN 1993 Eurocode 3: Design of steel structures 
EN 1994 Eurocode 4: Design of composite steel and concrete structures 
EN 1995 Eurocode 5: Design of timber structures 
EN 1996 Eurocode 6: Design of masonry structures 
EN 1997 Eurocode 7: Geotechnical design 
EN 1998 Eurocode 8: Design of structures for earthquake resistance 
EN 1999 Eurocode 9: Design of Aluminum 
 
A full description of the development and implementation of the Eurocodes, as well 
as the breakdown of the individual sections of the Eurocodes can be found in 
Appendix B. 
 
2.1.1.4 Effects on Structural Fire Design-EN 1991 and EN 1993 
 
 EN 1991 Part 1-2: General Actions-actions on structures exposed to fire and 
EN 1993 Part 1-2: General rules-structural fire design are the two parts of Eurocode 
1 and Eurocode 3 respectively that are responsible for the structural fire design of 
steel members.  The introduction sections to each document provide an overview of 
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what is contained in the code; its objectives, background information and national 
specific data which is applicable to each document.   
 Overall, Eurocode 1 provides comprehensive information on all actions to be 
considered in the design of buildings and civil engineering works. It is in four main 
parts, the first part being divided into seven sections that cover densities, self-weight 
and imposed loads; actions due to fire; snow; wind; thermal actions; loads during 
execution and accidental actions. The remaining three parts, not as applicable for this 
project, cover traffic loads on bridges, actions by cranes and machinery, and actions 
in silos and tanks.17 
 Eurocode 3 is wider in scope than most of the other design Eurocodes.  This is 
due mainly to the diversity of steel structures, bolted and welded joints, and 
construction practices.  New areas are included in Eurocode 3 that were not 
previously included in the British Standards for steel construction; for example the 
design of semi-rigid joints. Other new additions include advanced design methods in 
cold-formed steelwork and rules for stainless steel.  EN1993 has approximately 
twenty parts covering common rules, fire design, bridges, buildings, tanks, silos, 
pipelined piling, crane supported structures, towers and masts, chimneys etc.18  The 
scope and assumptions of each EN standard are also clearly stated in their 
introduction section.  For the purpose of organization, the scope and assumptions 
made for each document can be found in Appendix B.   
 EN1991-1-2 describes the thermal and mechanical actions for the structural 
design of buildings exposed to fire.19  EN1993-1 describes the principles, 
requirements and rules for the structural design of steel buildings exposed to fire.20  
Both standards are composed of various aspects including safety requirements, design 
procedures and design aids.  This document states its main objectives of fire 
protection are to limit risks with respect to the individual and society, neighboring 
property, and where required, environment or directly exposed property. 
                                                 
17 http://www.bsi-global.com/Eurocodes/Progress/index.xalter 
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 As the construction product directive serves as a basis for much of the 
Eurocodes, it provides several requirements in EN 1991 and EN 1993 for 
construction works and the limitation of fire risks.  Construction works must be 
designed and built in such a way, that in the event of an outbreak of fire 
• the load bearing resistance of the construction can be assumed for a 
  specified period of time; 
• the generation and spread of fire and smoke within the works are  
  limited; 
• the spread of fire to neighboring construction works is limited; 
• the occupants can leave the works or can be rescued by other means; 
  and 
• the safety of rescue teams is taken into consideration.21 
 EN 1991 and EN 1993 also contain information on passive fire protection and 
state that fire parts of Structural Eurocodes deal with specific aspects of passive fire 
protection in terms of designing structures and parts thereof for adequate load-bearing 
resistance and for limiting fire spread as relevant.22  The application of the design 
procedures for EN 1991-1-2 and EN 1993-1-2 respectively are shown in Figure 3 and 
Figure 4.  both figures show the prescriptive and performance methods contained in 
each document. The prescriptive approach uses nominal fires to generate thermal 
actions. The performance-based approach, using fire safety engineering, refers to 
thermal actions based on physical and chemical parameters.  
 
 
 
 
 
 
 
 
                                                 
21 EN 1991, 7, EN 1993, 7 
22 EN 1991,7 
Comparisons of Structural Designs in Fire  Collette 
 
 25
 
 
 
 
Figure 3: Alternative Design Procedures of Eurocode 1 
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Figure 4: Prescriptive and Performance Approach of Eurocode 3 
2.1.2 Swedish Design Manual and the Swedish Institute of Steel 
Construction 
 
 SBI, the Swedish Institute of Steel Construction, was founded in late 1967, 
making SBI the oldest European steel construction institute. The objective of SBI´s 
activity is to contribute to efficient use of steel in construction and building systems. 
This contributes to an increased steel-usage and hence creates conditions for 
increased competitiveness for the members of the foundation.23 
 One of the oldest and influential publications available through SBI is Fire 
Engineering Design of Steel Structures, which is also known as  The Swedish 
Handbook for Fire Engineering. Published in 1976, it describes a rational fire 
engineering design process for load-bearing structures and partitions of steel on the 
basis of performance requirements. The design methods presented are based on the 
regulations, advisory notes and recommendations given in the Swedish Building 
Regulations and in the separate publication on rational fire engineering design which 
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has been compiled on the instructions of the National Swedish board of Physical 
Planning and Building.24   
2.1.2.1 Authors/Contributions 
 
 The Swedish Handbook for Fire Engineering is based on ideas described by 
Ove Pettersson in a series of publications from 1962-1965.  He was first to describe 
the ‘rational fire engineering design method’ and its assumptions and characteristics 
through these publications.  The ideas presented by Pettersson served as the basis and 
influence for the Handbook.   
 Other bodies or organizations that contributed to the Handbook include the 
Sven-Erik Magnusson, Sven Thelandersson, Jorgen Thor, Torbjorn Larsson, Division 
of Structural Mechanics and Concrete Construction, and the Swedish Institute of Steel 
Construction.  Magnusson and Thelandersson greatly contributed to the creation of 
the Swedish Curves, the design fire curves, prescribed in the Handbook.  These will 
be further described in section 2.2.3.2 and can a copy of each Swedish curve is 
located in Appendix C 
2.1.2.2 Goals and Objectives 
 
 The Handbook “describes a rational fire engineering process for load bearing 
structures and partitions of steel on the basis of performance requirements”.25  The 
Handbook contains design methods based on recommendations, regulations and 
advisory notes presented in the Swedish Building Regulations.  It not only outlines 
the basic principles and processes of the rational fire engineering design, it also 
provides engineering examples that show the application of these fire design methods.   
 The Handbook is broken up into four main sections: Main Section, Design 
Section, worked examples, and alternative methods of design.  The breakdown of 
chapters is as follows: 
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Section Title 
1 Arrangement of the Handbook 
2 Principles Governing the Design and Scope of Fire Protection 
3 Fire Load 
4 The Temperature-Time Process in the Fire Compartment 
5 Temperature-Time Curves for Uninsulated Steel Sections 
6 Temperature-Time Curves for Insulated Steel Sections 
7 Temperature-Time Curves for Steel Structures with Insulation in the 
Form of a Suspended Ceiling 
8 Temperature-Time Curves for Partitions 
9 Critical Load Under Fire Exposure Conditions for a Steel Structure 
Subject to a Flexural, Tensile or Compressive Loading Without the 
Concomitant Risk of Instability 
10 Critical Load Under Fire Exposure Conditions for a Steel Structure 
Subject to an Axial Compressive Force 
11 Protection of Structural Steelwork 
 Design Section  
 Worked Examples 
 Alternative Design Method Based on the Concept of Equivalent Fire 
Duration 
 
 
 It is essential to understand the design basis upon which these various design 
manuals are based.  The ‘rational design method’, developed by Ove Pettersson, is the 
basis for the Handbook and contains several steps which are described in detail 
throughout each of the above mentioned chapters of the Handbook.  According to 
Section 2 of the handbook, the steps are listed below26 
• Determination of the magnitude of fire load and the representative  
 combustion characteristics of this (fire load) 
• Determination of the gas temperature-time curve of the fire 
 compartment for the complete fire process on the basis of the actual 
 combustion characteristics, due consideration being given to the 
 volume of the fire compartment, the size and shape of door and 
 window openings, and the thermal properties of the enclosing 
 structures 
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• Determination of the temperature-time curve for the load bearing 
 structure affected by the fire, on the basis of the gas temperature-time 
 curve for the fire compartment 
• Determination of the minimum load bearing capacity of the load 
 bearing structure in conjunction with the appropriate temperature-time 
 curve or, alternatively, determination of the tie when failure occurs at 
 the load in question. 
2.1.3 Other Codes and Standards Organizations 
 
 There are a number of additional codes and standards organizations around 
the world that contribute to structural fire design today.  They provide testing 
methods, prescriptive and performance requirements, fire curves, fire protection 
methods and design calculations.  
2.1.3.1 ASTM 
 
 ASTM International, as it is known today, was formerly recognized as the 
American Society for Testing and Materials, and is one of the largest, voluntary 
standards development organizations in the world.   ASTM International was formed 
over a century ago with their work in the railroad industry.  Eventually it created 
standards for the steel used in rail construction to lead to an improvement in public 
safety during railroad travel.  
 The standards that are developed at ASTM International play an important 
part in the information infrastructure that guides design, manufacturing and trade in 
the global economy.27  Their members represent producers, consumers, governmental 
agencies, and academia from over 100 countries around the globe.  The mission 
statement of ASTM international is a detailed document stating its mission and seven 
strategic objectives.  The mission of ASTM International is 
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 “To be the foremost developer and provider of voluntary consensus standards, 
related technical information, and services having globally recognized quality and 
applicability that  
• Promote public health and safety, and the overall quality of life;  
• Contribute to the reliability of materials, products, systems, and  
   services; and 
• Facilitate international, regional, and national commerce”28 
Through the mission statement and objectives outlined by ASTM International, they 
have contributed to the globalization of standards in which the European Community 
has strived to achieve through the creation of their Eurocodes.  The continued success 
and work of organizations such as ASTM International are going to push the world 
today towards globalization of codes, standards, testing, construction and 
manufacturing.  
 The standards produced by ASTM International have a great effect on the 
structural fire protection for buildings today.  Selected examples of standards are 
listed below: 
 
• E2257-03 Standard Test Method for Room Fire Test of Wall and Ceiling 
Materials and Assemblies  
• WK10365- Standard Test Methods for Fire Tests of Building Construction 
and Materials  
• E119-05a Standard Test Methods for Fire Tests of Building Construction and 
Materials  
• E1966-01 Standard Test Method for Fire-Resistive Joint Systems  
• E937-93(2000) Standard Test Method for Corrosion of Steel by Sprayed Fire-
Resistive Material (SFRM) Applied to Structural Members  
• E760-92(2000) Standard Test Method for Effect of Impact on Bonding of 
Sprayed Fire-Resistive Material Applied to Structural Members  
 In the field of structural fire protection, one of the most widely used ASTM 
standards is the E119 test, as it’s know today.  This is used as a benchmark for many 
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time-temperature curves used in the testing of structural elements in fire.  It is 
discussed further in 2.2.2.2.1 
2.1.3.2 AISC 
 
 `The American Institute for Steel Construction or AISC is a prominent 
industrial organization in the United States that contributes to structural engineering 
and steel design.  The mission statement for AISC says that 
 
“AISC is a not-for-profit technical institute and trade association established in 1921 
to serve the structural steel design community and construction industry in the United 
States. AISC’s mission is to make structural steel the material of choice by being the 
leader in structural-steel-related technical and market-building activities, including: 
specification and code development, research, education, technical assistance, 
quality certification, standardization, and market development. AISC has a long 
tradition of service to the steel construction industry providing timely and reliable 
information”29 
 
 AISC publishes a series of 21 design guides on steel construction.  While 
structural fire design is not a primary focus of the design guides, AISC does produce 
‘Design Guide 19: Fire Resistance of Structural Steel Framing’ As the process of 
steel design and construction contributes to the overall work of a structural fire 
engineer and the properties and calculations provided by AISC are a core part of this 
project.  
 The main publication produced by AISC is the Steel Construction Manual.   
In the recent edition, the previously separate techniques of Allowable Stress Design 
and Load and Resistance Factor Design methods have been combined.  It replaces 
both the 9th Edition ASD Manual and the 3rd Edition LRFD Manual. Much of the 
HSS Connections Manual has also been incorporated and updated in this Manual.  
 
2.1.3.3 International Standards Organization 
 
 In 1946, delegates from 25 countries met in London and decided to create a 
new international organization.  The objective of this organization would be "to 
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facilitate the international coordination and unification of industrial standards". The 
new organization, ISO, officially began operations on 23 February 1947.30 
ISO is a network of the national standards institutes of 157 countries, on the basis of 
one member per country.  Therefore, ISO is able to act as a bridging organization in 
which a consensus can be reached on solutions that meet both the requirements of 
business and the broader needs of society, such as the needs of stakeholder groups 
like consumers and users31.  Figure 5 displays the various groups that contribute to 
the ISO council.   
 
Figure 5:  ISO Structure32 
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2.2 Design Fires 
 
 The use of design fire scenarios is the basis for structural fire design and a 
primary focus of analysis for this project.  Prior to the use of design fires, structural 
elements were designed based on prescriptive requirements which provided minimum 
fire resistance ratings for members.  The prescriptive requirements were based on 
building characteristics such as occupancy and type.  With the increase in the use of 
performance-based design in fire protection engineering, the concept of design fires 
has increased in importance; it is a critical component for structural fire design.  
Performance-based design for structural members can still provide a fire resistance 
rating, but it is determined by structural members being exposed to a fire test to better 
predict its actual performance under thermal conditions 
 Each respective building can ultimately have a limitless number of fire 
scenarios to be looked at for design.  Because of this, it has been found that these 
scenarios can be limited to the fully developed fires.33 
 The design fires that are used by each country is one of the principle 
differences that can be found in the various codes and manuals that have been 
examined for this project.  This is the strongest example of how the standardization 
and harmonization of codes and standards still has gaps to fill before countries can 
integrate code and standards systems.  Through various standard organizations such 
as ASTM, ISO and the British Standards, different design fires have been tested and 
adopted in the respective codes.  These design fires are the main reasons for the range 
of values in gas and steel temperatures calculated.  It is essential to understand the 
background of the design fires, why and how they were chosen, and the effects that 
they have on the creation of time temperature curves for steel structures.   
 Prior to discussing the various design fires that are prescribed by the literature, 
it is critical to understand the terms used when describing design fires.  The three 
main terms are presented in a literature review on design fires by Bwayla are 
described in Table 2. 
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Table 2: Terminology related to design fires34 
Definition by Source Reference Term 
ISO/TR-13387-2 SFPE engineering guide 
Design 
Fire/Design 
Fire Curve 
Design Fire: A quantitative temporal 
description of assumed fire 
characteristics based on appropriate fire 
scenarios.  Variables used in the 
description include heat release rate, fire 
size (including flame length), yield of 
products of combustion, temperatures of 
hot gases, and time to key events such 
as flashover 
Design Fire Curve: An 
engineering description of 
a fire in terms of heat 
release rate versus time 
( or in other terms 
elaborated in the stated 
reference) for use in a 
design fire scenario 
Design Fire 
Scenario 
A specific fire scenario on which an 
analysis will be conducted.  It includes a 
description of the impact of fire on 
building features occupants, and fire 
safety systems. It would typically define 
the ignition source and process, the 
growth of the fire on the first item 
ignited, the spread of the fire, the 
interaction of the fire with the building 
occupants and the interaction with the 
features and fire safety systems within 
the building. 
A set of conditions that 
defines or describes the 
critical factors  
determining the outcomes 
of trial designs 
Fire Scenario A qualitative description of the course 
of a specific fire with time, identifying 
key events that characterize the fire and 
differentiate it from other possible fires. 
A set of conditions that 
defines the development of 
fire and the spread of 
combustion products 
throughout a building or 
part of a building.  The 
process of developing a 
fire scenario is a 
combination of hazard 
analysis and risk analysis.  
Further information can be 
found in NFPA 72 
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2.2.1 Compartment Fires 
 
 The comparisons and analyses for this study focus on compartment fires in 
office buildings.  Compartment or room fires must be understood at both the pre-
flashover and post-flashover phases.  Pre-flashover fires often have most influence on 
life safety while post flashover fires have most influence on structural integrity.  Pre-
flashover fires focus on the rates of the fire growth and the upper layer gas 
temperatures in the compartment.  Post-flashover fires change behavior drastically 
and produce very turbulent flow of gases and high temperatures in the compartment.  
Structural design must look at the compartment temperature during a post-flashover 
fire. 
 Many of the design fires examined in this work are ventilation-controlled fires 
which depend on the size and shape of the ventilation openings.  In a ventilation-
controlled fire, the rate of combustion is limited by the volume of cool air that can 
enter and the volume of hot gases that can leave the room.  There is insufficient air 
flow for all the combustible gases to burn inside the room, so the flames extend out 
the windows and additional combustion takes place where the hot unburned gaseous 
fuels mix with outside air35. 
 Post-flashover fires can also be classified as fuel controlled fires.  In this case 
the rate of burning will be similar to that which would occur for the fuel item burning 
in the open air, with enhancement from radiant feedback from the hot upper layer of 
gases or hot wall and ceiling surfaces36.  In fuel-controlled burning, all of the heat is 
released inside the room, with no flames projecting out of the windows37.  Figure 6 
below displays the typical behavior of a compartment fire with highlights at points of 
flashover and the decaying point.  Both the growth and decay phase of a fire must be 
considered during structural fire design.   
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Figure 6: Compartment Fire Behavior38 
 
2.2.2 Standard Fire Curves and Furnace Testing 
 
 ASTM E119, Standard Test Methods for Fire Tests of Building Construction 
and Materials, was one of the first tests to be published which looked to establish a 
fire resistance rating for steel members through a prescribed method.  This test also 
served as a basis for the determination of fire resistance ratings in other tests such as 
ISO 834 and various European codes.  The basic principle behind standard fire 
resistance testing as it exists today is to expose a single structural member or 
assembly to a standard fire with designated fuel load and intensity.  Pass/fail criteria 
are based upon the peak temperature attained at the unexposed surfaced of the test 
article and/or whether or not the test article collapses or distorts in a fashion that 
allows hot gases to escape (and in the case of E119, whether a wall can withstand the 
pressure of a hose stream)39.  For most standard tests, specimens are tested unloaded 
and have no maximum deflection that can occur before failure.  The most common 
structural elements that are tested are columns, beams, and floor and ceiling 
assemblies.  Elements such as joints or connections are rarely tested.  A fire resistance 
rating is then assigned to the specimen based on the time it took to fail. 
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 It is clear that there are many weaknesses and deficiencies in the standard fire 
test and fire ratings that result from these tests.  Several weaknesses of the standard 
fire test are discussed by Bukowski.   These include fuel load and the physical 
characteristics of the furnace.  Standard fire tests provided the prescriptive ratings that 
were needed when prescriptive design was primarily used but with the shift towards 
performance-based design, other methods must be evaluated.   
 The standard exposure was based on fuels that were commonly found in 
buildings at the time when the test was first published in the early 1900s.  Modern 
fuels can result in fires with significantly faster growth rates and higher radiative 
fractions that affect fire spread rates40.  Another consideration is the addition of 
automatic sprinkler systems which can limit the growth phase of the fire, something 
that is not part of the standard fire exposure today.  Bukowski also quotes the Federal 
Emergency Management Agency that "The ASTM El19 Standard Fire Test was 
developed as a comparative test, not a predictive one. In effect, the Standard Fire Test 
is used to evaluate the relative performance (fire endurance) of different construction 
assemblies under controlled laboratory conditions.41 
 The physical limitations of the standard furnace is another major weakness of 
this test.  A typical furnace only allows for specimens to be tested individually and 
cannot accommodate and include the interaction of structural systems.  End restraints 
and loading conditions may not be reproduced effectively in the furnace, thus only the 
very basic structural elements can be tested.   
2.2.2.1 Eurocodes  
 
 Eurocode 1 Part 2 provides data for the design fires used in calculation with 
the Eurocode methods.  It contains information for both standard (nominal) and 
parametric fire curves.  The main document contains defining equations for three 
distinct fire curves; standard, external and hydrocarbon.   
 In all of the three fire curves described, Θg   designates gas temperature in the 
fire compartment in degrees Celsius and t is the time in minutes.  If each of the curves 
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is plotted from 0 to 40 minutes on the same axis, Figure 7 is created.  One can see 
from this plot that the external and hydrocarbon fires are similar in shape but the 
hydrocarbon fire curve has temperatures 75% higher temperature. The standard fire 
curve is similar in shape and values to other standard curves used by ISO and ASTM.   
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Figure 7: Time Temperature Curves, Eurocodes 
 
 
 The standard fire curve described is almost identical in behavior to the ASTM 
E119 and ISO 834 standard fire curves.  This curve is used as a model for 
representing a fully developed fire in a compartment and is represented by the 
equation42 
 
Standard temperature-time curve43 
Θg = 20 + 345 log10 (8 t + 1) [°C] 
 
Where Θg  = gas temperature  
t=time 
 
 The external curve is intended for the outside of separating external walls 
which exposed to the external plume of a fire coming either from the inside of 
respective fire compartment, from a compartment situated below or adjacent to the 
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respective external wall44.   Because the scope of this research is limited to internal 
compartment fires, this fire will not be used in analysis. The equation producing the 
external fire curve is given by: 
External fire curve45 
Θg = 660 ( 1 - 0,687 e-0,32 t - 0,313 e-3,8 t ) + 20 [°C]  
 
 Finally, the hydrocarbon curve, created by the equation below, is used for 
representing the effects of a hydrocarbon fire and is represented from the equation 
below. 
  
Hydrocarbon curve46 
Θg = 1 080 ( 1 - 0,325 e-0,167 t - 0,675 e-2,5 t ) + 20 [°C]  
 
  
 
2.2.2.2. ASTM E119 
 
 The ASTM E119 test is produced from the following equation and is 
displayed in Figure 8. 
 
Tg = 20.0 + 750(1 - exp( -0.49√t) + 22.0√t 
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Figure 8: ASTM E119 
 
 
2.2.2.3 ISO 834 
 
 The corresponding standard curve prescribed by the International Standards 
Organization, ISO 834 is produced by the equation following equation and is 
displayed in Figure 9. 
 
Tg = To + 345 log10(1 + 8t) 
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Figure 9: ISO 834 Standard Fire Curve 
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The furnace and time-temperature exposure is nearly identical but IS0 834 does not 
include a hose stream test. There is also a difference in the furnace pressures - ASTM 
El19 is operated at a negative pressure and IS0 834 at a positive pressure47. 
2.2.3 Parametric Fire Curves 
 
 In addition to the standard fire curves many codes and standards are now 
including parametric fire curves.  The concept of parametric fires provides a design 
method to approximate post-flashover compartment fire. A parametric fire curve 
takes into account the compartment size, fuel load, ventilation conditions and the 
thermal properties of compartment walls and ceilings48.  In comparison to the 
standard fire curves, parametric fires provide a more realistic estimate of the 
compartment temperature to be used in the structural fire design of steel members.  
Analyses typically assume that the temperature is uniform within the fire 
compartment 
 One of the most unique characteristics of both the Eurocodes and the Swedish 
Design Manual is the multiple authors who contributed their work to the structural 
design methods of the codes.  The background theory of the parametric fire model of 
BSEN1991-1-2 (The British Standard of Eurocode 1) was developed by Wickström 
inform 1980-1981.  Based on the heat balance for a fire compartment, he suggested 
that the compartment fire depended entirely on the ratio of the opening factor to the 
thermal inertia of the compartment boundary. He used the test data of the ‘Swedish’ 
fire curves to validate his theoretical assumptions. Wickström expressed the 
compartment fire in a single power formula for the heating phase, in which the 
standard fire curve could be attained by assigning a ventilation factor of 0.04im½ and 
a thermal inertia of 1165 J/m2 s½ K.49.  The research conducted by Wickström has 
provided a solid foundation for the future use of parametric curves. His contribution 
to the Swedish fire curves is discussed in Section 2.2.2.2. 
 
                                                 
47 Bukowski, 2 
48 One Stop Shop 
49 One Stop Data Shop for Structural Fire Engineering 
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2.2.3.1 European Parametric 
 
 Annex A in EN1991-1-2 contains the guidelines for the use of parametric fires.  
There are two restrictions on the parametric curves provided by this document.   
 
(1) The temperature-time curves are valid for fire compartments up to 500 m2 of floor 
area, without openings in the roof and for a maximum compartment height of 4 m. It 
is assumed that the fire load of the compartment is completely burnt out. 
 
(2) If fire load densities are specified without specific consideration to the combustion 
behavior (see annex E), then this approach should be limited to fire compartments 
with mainly cellulosic type fire loads.50 
 
The parametric fire curves in the heating phase can be represented by the equation 
 
Θg = 20 + 1325 (1− 0,324e-.2t* − 0,204e-1.7t* − 0,472e-19t*) 
 
where 
 
Θg = gas temperature in the fire compartment [°C] 
 
t* = t ⋅ Γ [h]  
 
t = time [h] 
 
Γ = [O/b] 2 / (0.04/1160)2 
 
Where  
 
b = the thermal inertia of linings 
O = the opening factor 
t = time [h] 
 
The cooling phase of this parametric curve is represented by  
 
 
(1)
                                                 
50 EN1991, annex A 
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with 
 
 
 The most influential variable in the parametric fire curve is the opening factor, 
O.  It governs the behavior of the fire and is included in almost all parametric fire 
equations.  The opening factor represents the amount of ventilation, and it depends on 
the area of openings in the compartment walls, on the height of these openings and on 
the total area of the enclosure surfaces.51  The value of b is introduced into the 
parametric fire equation to account for multiple layers of materials that may be 
present in the enclosure surface.  In calculation, b=√(ρcλ) and if there are not multiple 
layers, b can be taken as 1.   
 With its many variables and multiple equations needed to create both the 
heating phase of the fire as well as the cooling phase.  The parametric curve described 
by EN1991 is a challenging fire curve to replicate for use in design and engineering 
practice.   The decay curve of the parametric fire has been found not to represent the 
exponential time-temperature cooling characteristics of the fire tests52.  This can be 
modified with additional equations, which further add to the complexity of the 
EN1991 parametric fire curve.  A newer design fire curve that has been developed 
from the work presented in EN1991-1-2 is discussed in section 2.2.3.3 
 
2.2.3.2 Swedish Fire Curves 
 
 The design fires presented in The Swedish Design Manual, discussed earlier in 
this chapter vary greatly from those presented in EN1991.  To begin, the Manual lists 
the essential requirements that must be taken into consideration in a fire model.  
These are 
• The quality and type of combustible material in the fire compartment 
• The form and method of storage of the combustible material 
• The distribution of the combustible material in the fire compartment 
                                                 
51 EN1991, 14 
52 Barnett, Clifton, 310 
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• The quantity of air supplied per unit time 
• The geometry of the fire compartment, i.e. the areas of the floors,  
  walls, ceiling and the openings 
• The thermal properties of the structural components which enclose the 
  fire compartment53 
 
 When describing fires scenarios, Section 4 of the Manual refers to two 
classifications of fully developed fires.  The focus on these fully developed fires is the 
ventilation in the compartment, which leads back to the opening factor and the 
geometry of the compartment. In the first type of fire, the rate of combustion during 
the flame phase is determined by the ventilation in the fire compartment and can be 
referred to as a ventilation-controlled fire.54  For second type of fire process, all of the 
inflowing air is not used up for combustion.  Because of this, the ventilation of the 
fire compartment is not the limiting factor as in the first fire process.  The primary 
factors in this fire are the properties of the combustible material, primarily the 
quantity and the particle shape and method of storage.55  This fire can be referred to 
as a fire-load controlled fire.   
 These two types of fires are important background to understand and use the 
design fires in the Manual.  For a fire load of a given size, particle shape and storage 
density, the opening factor plays a crucial role in its behavior.  Only when the 
opening factor is less than a limiting value is the fire ventilation-controlled.  If the 
opening factor is greater than the corresponding limiting value, the rate of combustion 
does not increase in proportion to the opening factor.  This, once again, changes the 
fire from ventilation-controlled to load-controlled.  The design fires used in the 
Manual are focused primarily on the load factor and the opening factor. 56 
 The temperature curves that are presented in a later portion of section 4 are a 
focus of the rational fire engineering design method.  They have been calculated on 
the assumption that the fire is controlled by ventilation during the flame phase.57  The  
                                                 
53 Swedish Manual, 4-22 
54 Swedish Manual 4-3 
55 Swedish Manual 4-3 
56 Swedish Manual 4-3 
57 Swedish Manual, 4-3 
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most widely referenced time–temperature curves for real fire exposure are those of 
Magnusson and Thelandersson58.  When calibrating their model, Magnusson and 
Thelandersson manipulated the heat release rate to produce temperatures similar to 
those observed in short duration test fires.  Magnusson and Thelandersson 
extrapolated their results to much higher fuel loads and a wider range of opening 
factors than the available test data on which the computer model was calibrated.59  
Results produced from Magnusson and Thelandersson on the rational fire engineering 
design method for steel construction can be considered conservative because the fires 
produce higher temperatures than may be existent in the compartment. 60  For steel, 
the calculated maximum temperature for a member exposed to fire is higher if the 
calculation is based on the assumption that the fire is ventilation-controlled than if it 
is based on a load- controlled fire.  The assumption of ventilation controlled fires is 
extremely important to recognize when comparing the design fires used in EN 1991-
1-2 to the design fires provided in this manual.   
 Section 4.3.3 of the Manual provides the calculated gas temperature-time 
curves for a fire compartment with different fire loads, q and different opening factors 
(A√h/At).  In this section, there are seven charts, each containing eight temperature 
curves.  Figures 10 and 11 are examples of a chart and its coordinating data for an 
opening factor of .06 m^(1/2).  Each chart represents a different opening factor and 
the individual curves on each chart represent a different fire load for that opening 
factor.  The charts are followed by the temperature data for each time temperature 
curve.  
                                                 
58 Feasey, Buchanan, 88 
59 Feasey, Buchanan, 89 
60 Swedish Manual, 4-3 
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Figure 10: Swedish Curves, Opening Factor .06 
 
 
Figure 11: Swedish Curve Data 
 
 One can see that the larger the opening factor, the greater the maximum 
temperature achieved in the compartment.  Within each set of curves for the various 
opening factors, the greater the fire load, the greater the temperatures as well.  Of all 
of the time-temperature curves provided by the Manual, the curve with an opening 
factor of 0.3 and a fire load of 900 [Mcal/m2]/3768 [MJ/m2] achieves the highest 
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maximum temperature of 1267 C in the compartment.  Time Temperature curves for 
each of the opening factors and fuel loads can be found in Appendix C 
 As previously written significant contributions to the development of 
parametric curves were made by Wickström.  Based on the heat balance for a fire 
compartment shown in Figure 12, Wickström suggested that the compartment fire 
depended entirely on the ratio of the opening factor to the thermal inertia of the 
compartment boundary. 
 
 
Figure 12: Compartment Heat Balance61 
 
 He used test data of the Swedish fire curves to validate his theoretical 
assumptions. By curve-fitting, Wickström expressed the compartment fire in a single 
power formula for the heating phase, in which the standard fire curve could be 
attained by assigning a ventilation factor of 0.04 m½ and a thermal inertia of 1165 
J/m2 s½ 62.  Due to the experimental characteristics of the Swedish fire curves, the 
original application of Wickström’s parametric fire curves had limitations such as 
maximum compartment area or thermal inertia of the material.  
 
2.2.3.3 BFD Curves 
 
 With the found complexities and inefficiencies of the European parametric 
curve previously described, a simple fire curve was developed by researchers with 
                                                 
61 One Stop Data Shop for Structural Fire Engineering 
62 One Stop Data Shop for Structural Fire Engineering 
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data obtained from over 142 natural fire tests63.  This new curve, known as the ‘BFD 
curve’ is described extensively by Barnett and Clifton in their works.    While the 
European parametric curve consists of at least three equations for both the heating 
and cooling phases of the fire, there are two basic equations that describe the BFD 
curve.  These are: 
Tg = Ta + Tme-z 
Z = (loget-logetm)2/Sc 
 
 
Where: 
 
Tg  is the gas temperature at any time t (C) 
Ta is the ambient temperature (C) 
Tm is the maximum gas temperature generated above Ta (C) 
t is the time from start of fire (min) 
tm is the time at which Tm occurs (min) 
Sc  is the shape constant for the time-temperature curve (–) 
 
 With this fire curve, the input parameters are Tm, tm, and Sc.  Changing any 
of these parameters changes the shape of the fire curve.  Figures 13 through 15 below 
show the effects of each input parameter.  Figure 13 displays the effect of changing 
maximum temperature, while keeping the shape factor and time to maximum 
temperature constant.  This produces curves with higher intensities as the maximum 
temperature increases. 
 
 
                                                 
63 Barnett, 42 
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Figure 13:  BFD curves with different values for Tm64 
 
 
 Figure 14 displays the effects of varying the time to maximum temperature 
while the shape factor and maximum temperature remain constant.   
 
Figure 14:  BFD curves with different values for tm65 
 
 Finally, Figure 15 displays the effects of varying the shape factor while 
keeping the maximum temperature and the time to maximum temperature constant.  
These graphs show that the shape factor, or shape constant determines how long it 
takes before a fire begins to heat up.  The larger the shape factor, the shorter the delay 
time. 
 
                                                 
64 Barnett, 441 
65 Barnett,  442 
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Figure 15: BFD curves with different values for Sc66 
 
  
 The input parameters needed for the BFD equation can be found in published 
fire data, design codes or by calculation.  The shape constant is a relationship between 
the thermal insulation and the pyrolosis coefficient.   For a more accurate prediction 
of the behavior of a fire, the shape constant can be different for both the heating and 
cooling phases.     
 Works of Barnett and Clifton discuss that the development of the BFD curves 
has proven to fit the results of a variety of natural fire test curves more accurately 
than the European parametric curves.  This statement will also be shown throughout 
the results section of this project.  Preliminary research found that studies had been 
done to fit the BFD curves to a few samples of the Cardington data and 87% of the 
curves were given one of the highest three ratings for its proximity to the BFD 
curve67.  This will also be shown in the results of this project.   
 
2.2.3.4 CE 534 
 
 Additional parametric fires that must be addressed are the ‘short duration, 
high intensity” fire and the “long duration, low intensity” fire that were provided 
through previous coursework in structural fire protection and defined in the SFPE 
Handbook for Fire Protection Engineering 
                                                 
66 Barnett, 442 
67 Barnett, 444 
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 Section Four, Chapter 8 of the SFPE Handbook presents the various fire 
temperature-time relations.  The chapter divides the temperature course of a fire in an 
enclosure into three parts: the growth period, the fully developed period and the decay 
period.68   The decay period ideally represents a linear decay in the gas temperature of 
the enclosure and eventually a decrease in temperature of the structural members if no 
failure occurred.  The same chapter of the SFPE Handbook outlines an analytical 
expression for determining characteristic temperature curves: 
( ) ( ) ( ) ( )[ ] 5.1236.01.0 6001411310250 23. ⎟⎠⎞⎜⎝⎛+−+−−−= −−−− FCeeeeFT tttFF t
 Where: 
T = the fire temperature in °C 
t = time in hours 
F = opening factor in m1/2 
C = constant to account properties of boundary material on the temperature. 
Using this analytical method as well as properties predefined for a short duration, 
high intensity as well as a longer duration, lower intensity fire, time temperature 
curves can be developed and used in the analysis of the steel members.  The given 
descriptions for the behaviors of the two fires are written below.  The descriptions 
reflect the three stages of fires previously explained. The values are represented in 
both numerical and graphical format and can be found in the Appendix.   
 
1.  Short duration, high intensity fire. 
F = 0.12 m0.5 and the constant C = 1.0.  Calculate and plot the fire temperature as a 
continuous function of time until the time t = 0.50 hours is reached.  At time t = 0.50 
hours, assume that the fire temperature decays at the rate of 20oC per minute, 
returning to the ambient temperature of 20oC. 
 
                                                 
68 SFPE Handbook, 4-201 
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2.  Long duration, lower intensity fire. 
F = 0.04 m0.5 and the constant C = 1.0.  Calculate and plot the fire temperature as a 
continuous function of time until the time t = 1.5 hours is reached.  At time t = 1.5 
hours, assume that the fire temperature decays at the rate of 10oC per minute, 
returning to the ambient temperature of 20oC. 
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2.2.3 Conclusions  
 
 Each design fire curve has characteristics that make it unique from others.  In 
order to fully understand the inputs into structural fire engineering, one must 
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recognize what parameters and characteristics make up each fire; maximum 
temperature, intensity of fire, heating phase, cooling phase, or time to maximum 
temperature.  Recognizing the fires published in the literature is a step to predicting 
the behavior of steel structures in fire.  Each of these design fire curves will be used 
in the creation of design comparisons, results and analysis in this report. 
 
2.3 Office Design 
 
 Before working to understand the response of complex structures, engineers 
must first work towards better understanding the behavior of typical buildings and 
construction during a fire.  Office designs in both the UK and the US were used as a 
base to analyze single element and global response of the structure during a fire.   
2.3.1 Office Layouts   
 
 The scope of research and analysis for this project will focus on office designs, 
or multi-story steel framed buildings.  The Cardington tests are described in 2.4.1 and 
provide insight to a typical eight story office building in the UK.  Figure 16 was 
obtained from a company and served as the U.S. Office layout.  This office design 
contains 30’ bays, with beams spaced 10’, on average.  One of the characteristics of 
this office building that will be examined in this work are the various compartment 
characteristics that must be addressed in the building.  These include the variety of 
beam sizes, beam lengths and occupancy characteristics (office, lobby, corridor).  
These compartment characteristics are discussed further in Chapter 3.   
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Figure 16: U.S. Office Layout 
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2.3.2 Design Fires for Office Fires and work of Amanda Moore 
 
 In addition to the design fires which were described and replicated in previous 
sections, one other type was used for this project.  Previous work of Amanda Moore, 
a WPI alumnus, focused on modeling office fires with a computer modeling program, 
CFAST.  Her study, titled “Development of a Process to Define Design Fires for 
Structural Design of Buildings for Fire” analyzed a variety of design fires for various 
office layouts and load combinations.   
 The primary source she used for obtaining data on office layout and planning 
was the General Services Administration.  She created office scenarios based on 
typical office bay sizes of 25’ x 25’ for the room size and a ceiling height of 12’.  Her 
layouts were a simple workstation, bank workstation and executive suite, all of which 
varied in the layout and types of furnishings.  These scenarios were then input into the 
CFAST program to obtain the compartment time-temperature curves for the various 
scenarios.  Moore was then able to determine which office fires reached flashover and 
which did not.   
 From those designations, time temperature curves can now be used in the 
calculation of steel temperature in later sections.  Fires that both achieved flashover as 
well as fires that did not achieve flashover will be used in the analysis to show the 
effects of fuel load on steel temperature.  A full description of Moore’s designs, fuel 
loads and layouts can be found in Appendix H. 
  
2.4 Published Fire Data 
 
 With the growing need to fully understand the behavior of steel buildings in 
fire conditions, in addition to what is already known through prescriptive 
requirements, comes a plethora of fire data that has been collected through fire tests 
in the United States as well as throughout Europe.  There is a constant need for data 
of the performance of steel members under real fire conditions in order for structural 
fire engineers to begin to accurately predict the behavior of steel members during real 
fire conditions.   
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2.4.1 Cardington Fire Tests 
 
 The need for raw data on the performance of steel buildings in fire resulted in 
a series of full-scale fire tests at a research facility in the UK.  Between 1995 and 
1997, British Steel's Swinden Technology Centre, co-sponsored by the European 
Coal and Steel Community (ECSC) with TNO (The Netherlands) and CTICM 
(France) as partners, carried out a fire research program on a modern, multi-storey 
composite steel framed structure built within the BRE large scale test facility at 
Cardington69.  The research program aimed to understand and develop numerical 
calculation procedures that are capable of describing and predicting the structural 
behavior of modern, multi-storey composite steel framed buildings subject to fire 
attack70. 
 This large-scale project consisted of four major fire tests that were carried out 
on different parts of the building frame in order to study various aspects of structural 
behavior.  The tests also included a real, full-scale demonstration fire in an open plan 
office.   
2.4.2 Description of Facility 
 
 Full scale tests were conducted at an eight story composite frame built within 
the UK Building Research Establishment large-scale test facility at Cardington.  The 
frame was a composite steel and concrete structure designed to meet the UK national 
design codes of that time, BS 5950. The structure was also checked for compliance 
with the provisions of the EC3 ENV 1993-1-1, which was the pre-standard for 
Eurocode 3 at the time.  The building was designed as a commercial office in the 
Cardington area71.  One of the most important facts about the test frame was that 
although the purpose of the building was for conducting research it was designed and 
built under normal commercial pressures and is therefore a ‘real structure’.  This 
gives validation when using the data from these tests to understand the behavior of 
steel in actual fire conditions.   
                                                 
69 Behavior of a Multi-Storey Steel Framed Building Subject to Fire Attack,1 
70 Behavior of a Multi-Storey Steel Framed Building Subject to Fire Attack,1 
71 Wang, 403 
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 The structure is a braced frame including three cores that incorporate a central 
elevator shaft and two stair wells at either end of the building72.  Figure 17 shows that 
the structure is laid out in five 9m bays along the elevation and 6m-9m-6m bays 
across the gables.  This layout provides a total floor area of 45m x 21m.   
 
 
Figure 17:  Typical Floor Layout of the Cardington Building73 
 
 
 For simplicity in design, ease in construction, and reduced cost only four UK 
beam sections were used to construct the frame.  These were 254 UB, 305UM, 
356UM and 610UB. 
 Due to conservatism in design load specifications, only about 2/3 of the 
specified imposed load was applied during the fire tests. The impo 
sed load was simulated using sandbags. Typically, 12 sandbags each of 1.1 ton were 
applied over an area of 9 m by 6 m, giving a uniform loading of 2.4 kN/m2 74 on all 
floors except for the roof.  A detailed listing of the floor loading for the Cardington 
structures is located in Figure 18. 
 
                                                 
72 Behavior of a Multi-Storey Steel Framed Building Subject to Fire Attack, 2 
73 Gillie, Usmani, Rotter, 583 
74 Wang, 403 
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Figure 18:  Floor Loading of Cardington Frame75 
 
2.4.3 Test Descriptions, 1993-1995 
 
 Between 1993 and 1995 a series of four, major, full scale tests were conducted 
at the facility.  Each of the tests was designed to investigate different aspects of 
structural behavior.  A summary of the four tests in provided in table 4.   Test 1 was 
the simplest of the tests, and moved to the most complex fire and design in Test 4.  
For the work completed in this project, temperature data obtained from the 
Cardington tests was the main focus of analysis and design. 
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Table 3:  Cardington test descriptions76 
Test Objective Description Furnace/ 
Fire 
description 
Measurements 
 
1D – 
Restrained 
Beam 
Understand structural 
deformation mechanisms 
involved when a single 
beam is heated and 
restrained by a composite 
slab spanning in 2 
directions with 
surrounding steel at 
ambient temperature 
-7th floor 
-305x165 mm UB 
-254x254 mm UC 
-ceramic collars at 
ends of beam to 
minimize heat losses 
-8 m long by 3 
m wide 
-underside of 
composite floor 
 
-Temperature, 
Strain, Vertical 
deflection, 
Lateral 
displacement, 
Rotation 
2D – Plane 
Frame 
Evaluate the behavior of a 
series of beams and 
columns supporting 4th 
floor by taking a 2D slice 
across full width of 
building.  Determine the 
importance of fire 
protection at connections. 
-columns lightly 
protected up to height 
of 200 mm below 
connections 
-beam/beam and 
beam/column 
connections totally 
exposed 
 
-21 m long by 4 
m high 
-2.5 m corridor 
across full width 
of building 
 
-Temperature, 
Strain, Vertical 
deflection, 
Column 
displacement, 
Rotation 
3D – Corner Evaluate the behavior of a 
complete floor system 
with emphasis on 
membrane action 
-floor area 80 m2 
-first floor corner 
-all restraints and ties 
removed 
-slots in wall 
construction below 
beams to  ensure no 
additional support to 
floor slab 
-columns protected to 
full height 
-all internal primary 
and secondary beams 
fully exposed 
-develop temps of 
1000 C 
 
-single, 7 m 
wide opening 
partially 
covered by 
screen 
-pre-calculated 
O.F. = .031 m1/2 
-fire loading 
increased to 45 
kg 
-calculated 
O.F.= .034 m1/2 
 
-Temperature, 
Vertical 
deflection, 
Column 
displacement, 
Rotation 
Office Fire  Demonstrate important 
conclusions reached in the 
earlier studies in a more 
realistic ire scenario while 
evaluating other aspects 
of structural behavior not 
previously addressed 
-18 m x 10 m  
-first floor 
-open plan office 
-fitted with modern 
day office furnishings 
-woods and plastics 
-columns protected to 
full height 
-primary and 
secondary beams 
totally exposed 
 
-Fuel load = 
45.6 kg/m2 
-excess of 95% 
fractile for fire 
loading in 
offices 
-ventilation 
controlled at 58 
MW after 
flashover 
 
-Temperature, 
Strain, Vertical 
Deflection 
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2.4.5 Contributions to Structural Fire Protection 
 
 The four full-scale tests at Cardington that were described and were used in  
this project were a critical step in the progression of structural fire protection and 
performance-based design of structural elements under fire conditions.  First, as 
described by Wang, one of the developments in structural fire protection is analyzing 
the use of fire protection on structural steel members.  Fire protecting steel can add 
time to construction and labor costs.  Research, such as the tests conducted at 
Cardington, can be used to gain a better understanding of the fire performance of 
unprotected steel structures.   
 The results of the Cardington tests do provide data to better predict the 
behavior of a single element under fire conditions.  With this data, engineers can look 
towards creating design fires and conditions that will be a more accurate depiction of 
fires that are occurring in multi-story office fires.  Once the first step of better 
understanding the behavior of individual elements is reached, engineers can progress 
to the understanding of entire building systems.   
 Second one of the approaches to analyzing unprotected members, which the 
Cardington data allows, is the influence of the whole building’s structural behavior.  
The design of steel structures for fire safety was generally based on the assessment of 
individual structural members77.  Now studies and research are focusing on the idea 
that for buildings to serve their principle need of containing fire and preventing its 
spread, not every single structural member must remain stable78.  This idea leads to 
the need for a better understanding of the entire building frame with concepts such as 
load redistribution and reserve load capacity.   
 All of the data which was recorded during the four main compartment tests by 
British Steel at Cardington is available online.  Having this data easily accessible to 
engineers and researchers allows for quicker progression in analysis and movement 
towards the successful understanding of individual structural steel members as well as 
the behavior of structural steel buildings under fire conditions.   
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2.5 Research Database 
 
 The overall objective to a research-based project on structural fire design is to 
identify the structural fire process from beginning to end.  This objective lends itself 
to a plethora of resources; databases, technical reports, journal articles, textbooks, and 
websites that can contribute to the understanding of the structural performance of 
steel in fire creating a need for a useful and efficient research database. 
2.5.1 Fire Robust Structural Engineering 
 
 Past Master’s thesis work of a Worcester Polytechnic Institute alum, Matthew 
Johann, developed a functional description and visualization of the fire-robust 
structural engineering process.  This has resulted in providing what the structural 
engineer must do to quantify, evaluate, and make decisions regarding structural fire 
performance.79 To achieve the main objective of this work, a conceptual framework 
for the practice of fire-robust structural engineering was developed to provide a 
context for understanding the perspective and informational needs of a structural 
engineer.80  Much focus of Johann’s work was not only classifying the various 
aspects that comprise the fire-robust structural engineering process but to gather 
resources which represent each area.  The following selections of charts from 
Johann’s FRSE process were used as guidelines for research to ensure that all areas of 
the FRSE process were included in the project.  The complete collection of the charts 
describing the FRSE process can be found in Appendix D, while Figure 19 and 20 are 
the areas of the FRSE focused on during this project.  It is highly recommended that 
prior to any large-scale project in structural fire design that one read the work done by 
Johann as a basis to their work. 
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Figure 19: The structural fire analysis process81 
 
 
                                                 
81 Matt Johann 
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Figure 20: The design fire 82quantification process 
 
 
2.5.2 Creation and Use of Database 
 
 The final steps to the background and research for the project produced a 
significant research database following the topical areas of the fire-robust structural 
engineering prescribed by Johann.  The database will hopefully continue to grow 
additional research and work in the area of structural fire engineering and be a useful 
took for engineers in structural or fire protection engineering.  Presently, it can be 
used to search through over one hundred documents by title, number, keyword, 
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structural element, or the chart classification provided by Johann. Figure 21 provides 
a screenshot of the reference database and more detailed instructions can be found in 
Appendix D 
 
 
  
Reference Title Category Keywords
Normal Structural Design Eurocode 3
beam
buckling
bending
lateral-torsional
Normal Structural Design Structural reliability
Limit state design
Partial Safety Factors
Combination Factors
Comparative study of the buckling of steel beams in Eurocode 3 and the Russian code 
Use of safety factors for the design of steel structures according to the Eurocodes
K1
K2
 
Figure 21:  Excerpt of Reference Database 
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Chapter 3 Methodology 
 
 The scope of this study was on two office buildings: one full scale office 
building used during the full-scale tests at Cardington, United Kingdom, and the other 
a sample office building layout from the United States.  As previously stated the 
focus was placed on office buildings as representations of common buildings in both 
the UK and the US.  There have been a series of office building fires in both the UK 
and the US that have produced catastrophic outcomes.  It is clear that there is a great 
need to understand the behavior of steel in fire in order to prevent the structural 
devastation that resulted from these famous multi-story fires 
 
3.1 Development of Structural Design Comparisons 
  
 The first step in establishing the comparisons to be used in analysis was to 
identify the characteristics of the office layouts.  Several criteria were considered 
when selecting portions of the US office layout for study.   Each floor of the US 
office was assumed to be similar in layout and design.  The selected areas and 
structural framing were based on location on the floor, beam size, beam length and 
probabilistic live load (example: lobby, open plan office, closed office space).  Five 
areas were chosen to represent the building: an interior bay, external bay, corner bay, 
lobby area and one selection entitled ‘other’ which provided additional beam sizes 
and lengths found in the building  The selected areas as well as the beam sizes that  
were used in the analyses are displayed in Figures 22 through 26 and Tables 4 
through 8. 
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Figure 22: US Office, Interior Bay 
 
Table 4: Beam Sizes and Lengths, Interior 
Beam Size Length 
W24x68 30’ 
W18x40 30’ 
W24x55 30’ 
 
 
 
 
Figure 23: US Office, Exterior Bay 
 
Table 5: Beam Sizes and Lengths, Exterior 
Beam Size Length 
W16x26 17’ 
W18x35 17’ 
W12x16 10’ 
W27x84 35’ 
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Table 6: Beam Sizes and Lengths, Corner Bay 
Beam Size Length 
W18x35 30’ 
W12x16 10’ 
W24x76 30’ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: US Office, Corner Bay 
Figure 25: US Office, Lobby Area
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Table 7: Beam Sizes and Lengths, Lobby Area 
Beam Size Length 
W24x55 30’ 
W24x117 30’ 
W27x84 30’ 
W12x16 10’ 
W30x173 30’ 
W30x116 30’ 
 
 
 
Figure 26: US Office, "Other" Compartment 
 
 
Table 8: Beam Sizes and Lengths, "Other" Compartment 
Beam Size Length 
W12x16 8’ 
W24x62 30’ 
W18x35 30’ 
W16x26 10’ 
 
 
 The five selections show that not all areas of a building are identical and 
characteristics such as beam size, beam length, fuel load, and location of 
compartment must also be considered when analyzing the structure.  This project will 
show that not all design fires are appropriate for all building compartments.   
 The compartments that were selected from the US office layout were used to 
compare and contrast performance with the four Cardington tests described in 
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Chapter 2.  These tests were the restrained beam, plane frame, corner and office test.  
The selections from the four Cardington tests to be used in comparisons are presented 
in Table 9-12. 
 
Table 9: Beam Selection, Test 1 
Primary Beam at Grid Line 2, 
[305x165 (40 kg/m)]  
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Table 10: Beam Selection, Test 2 
Primary Beam 1, [356x171(51 kg/m)]       
 
Edge Beam SB1E, [356x171(51 kg/m)] 
 
 
Secondary Beam SB2E, [305x165(40 
kg/m)] 
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Table 11: Beam Selections, Test 3 
Primary, Grid line E, location G, 
[356x171(51 kg/m)] 
 
 
Edge, Grid line F, location G, 
[356x171(51 kg/m)] 
 
 
Secondary, Grid line 2, location E, 
[305x165(40 kg/m)] 
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Table 12: Beam Selections, Test 4 
Primary, Grid line E, position B12 
[356x171(51 kg/m)] 
 
 
Edge, Grid line 4, position B3 
[356x171(51 kg/m)] 
 
 
Secondary, Grid line 3, position B8 
[305x165(40 kg/m] 
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3.2 Development of Design Fire Comparisons 
  
 Once the office layout compartments and beam sizes for each compartment 
and Cardington test were selected, the design fires to be used in comparisons were 
selected.  The design fires, which were described in detail in Chapter 2, were the 
second major parameter that formed the numerous comparisons used in analyses of 
this project.   
 First, each compartment (interior bay, external bay, corner bay, lobby and 
‘other’) from the US office layout was exposed to a different design fire.  A minimum 
of one ‘small’ and one ‘large’ beam selection from each compartment was used in the 
performance calculation.  A summary of the beam sections and design fires for each 
US office compartment can be found in Table 13. 
 
Table 13: Beam and Design Fire Selection for US Office 
Compartment Beam Sizes Design Fire Exposure 
Interior Bay 1. W24x68 
2. W18x40 
3. W24x55 
1. Eurocode Standard and 
Hydrocarbon 
2. E119 
3. ISO 834 
External Bay 1. W16x26 
2. W27x84 
 
1. BFD Curves 
Corner Bay 1. W12x16 
2. W24x76 
1. Swedish Curves 
Lobby 1. W12x16  
2. W30x173 
3. W27x84 
1. CFAST Models 
Other 1. W12x16  
2. W24x62  
3. W18x35 
4. W16x26 
1. CE 534 Parametric Fire   
Curves 
 
 
 The next step was to plot the time-temperature data that was provided for all 
of the Cardington tests.  The website “One Stop Shop in Structural Fire Engineering” 
provided all of the data that was collected during the Cardington tests.  While time-
temperature recordings were the only data that was needed for this analysis, the 
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website also provided temperature, deflection and strain data for each beam tested.  
Time-temperature curves were created for all of the selected Cardington data and can 
be found in Appendix E.  As many graphs displayed similar trends in behavior, 
selected members for each Cardington test are presented in this report to minimize 
repetition in results and conclusions.  The selected comparisons represent all trends in 
behavior such as maximum temperatures, time to maximum temperatures, heating 
phase, cooling phase, and delay time. 
 Once the time vs. steel temperature graphs were created for each of the 
Cardington test selections, the beams were then used in calculation of steel 
temperatures using the design fire curves described in Chapter 2.  One could notice 
right away that the behavior of many of the Cardington beams would not be 
replicated by the prescribed design fires.  It was essential to the analysis to show both 
the similarities and differences in the hand calculations and the published data.  The 
results provided insight as to which to show which design fires may be more effective 
in predicting the behavior of the steel beams in actual fires as well as which ones 
would be least effective in predicting the behavior.  A summary of the design fire 
curves that were compared to the published data for each Cardington test is located in 
Table 14.  These are the comparisons which are included in the Results and 
Discussion sections of this thesis.  The additional comparisons can be found in 
Appendix F.   
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Table 14: Beam and Design Fire Selection for Cardington Test 
Test Beam Design Fire Exposure 
1-D Restrained Beam 1. Primary 1. BFD 
2. Long Duration 
3. Eurocode Standard   
4. Hydrocarbon 
2-D Plane Frame 1. Primary 
2. Edge 
1. BFD 
2. Swedish 
3-D Corner  1. Primary 
2. Edge 
1. BFD 
2. Swedish 
3. E119 
Office Fire  1. Primary  
 2. Secondary 
1. Swedish 
 
3.3 Calculation of Steel Temperature, Yield Strength, Modulus 
of Elasticity and Load Capacity Ratio 
 
 The calculation of steel temperature was based upon methods provided in 
previous coursework but was accentuated by the methods prescribed in Eurocode 1 
and Eurocode 3, the Swedish Design Manual and other background research that was 
completed.  The lumped parameter method was presented in both of these codes for 
the calculation of steel temperature.  A full description of the calculation methods 
used can be found in Appendix G. 
 Once the steel temperature was calculated for the various combinations listed 
in Table 14, trends in behavior were recorded.  This included the maximum 
temperature reached, the time to the maximum temperature, and any critical 
differences observed between the various beam sizes selected.  In addition to 
calculating the steel temperature, a structural analysis was also completed.  This 
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included calculation of each beam’s yield strength, modulus of elasticity, and the load 
capacity ratio as a function of its temperature history.   
 One of the most critical elements to look at when analyzing the structural 
characteristics of the beams was the load capacity ratio.  For this project, a beam was 
said to ‘fail’ when the load capacity ratio fell below 1.0.  This implies that the actual 
load capacity of the beam has fallen below the design load capacity and therefore the 
beam has insufficient capacity to sustain its design loads.  Graphs for the yield 
strength, elastic modulus and load capacity ratio were created from the temperature of 
the beam.  Each graph of the load capacity ratio has a red line at y=1 to indicate 
failure.   
3.4 Development and Use of Excel Tool 
 
 Because of the quantity and variety of results that could be created from the 
office selections, design fires and various other parameters that were considered, an 
Excel tool was developed to help simplify calculations and accommodate processing 
the volume of data that was created from the analyses. 
 Prior to using the Excel tool, one must understand the data that it contains and 
how it can be used.  There are two main parameters that the user can control.  The 
first is the beam size, and the second is the array of time-temperature data for the 
design fires.  The tool contains sections properties for many UK, UB and North 
American wide flange beams.  All of the beams that were used in the comparisons 
and analyses of this project are found in the tool.  With this data programmed into the 
tool, the user is able to select the beam size to be used in calculation and the section 
properties will automatically be provided.  The tool also contains all of the 
temperature data for the various design fires that were described in Chapter 2.  The 
user can paste the temperature data into any worksheet along with the beam size and 
the values for yield strength, elastic modulus, and the load carrying capacity will be 
calculated.   
 A third parameter that can be selected by the user is the specific approach to 
the lumped-parameter method.  The tool was designed to accommodate for both 
lumped parameter methods presented in the Swedish Design Manual and the 
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Eurocodes.   The only difference in these alternative calculations is the inclusion of 
the shadow effect which is considered in the Eurocodes but not in the Swedish Design 
Manual.  The user can select which worksheet they utilize depending on which 
calculation method they are looking to use.   
 Once the user has selected these three parameters the tool will calculate the 
temperature of the steel, as well as generate a time-temperature curve for the steel 
member selected.  After this tool was created it was used to calculate the steel 
temperature for the various comparisons that were defined in the pervious sections of 
this chapter.  
 In addition to calculating the steel temperatures for a given beam selection and 
design fire, the Excel tool was also designed to calculate the temperature-dependent 
changes to the yield strength, elastic modulus and the load capacity ratio for the 
defined beams.  As yield strength and elastic modulus are only based upon 
temperature they are automatically calculated when the steel temperature is calculated.  
As a default, the steel is A36 steel but the yield strength can be changed to 50 ksi or 
other strengths as well.  
 The load carrying capacity was calculated with a few additional parameters 
that must be selected by the user.  These include the length of the beam, the spacing 
or tributary width of the beam and the distributed dead load.  An office live load of 50 
psf was taken from the Load and Resistance Factor Design manual for steel design 
but can also be changed if a different live load is used (100 psf for lobby).  The 
program will then calculate the loading due to 100% of the live load existing in the 
building as well at 50% of the live load.  These two values allow for the inconsistency 
of live loading and the possibility of it varying in an office building.  This also 
provides for more accuracy in the design as the compartments that were selected for 
both the US and UK office layout may have different loadings and depending on their 
main function and occupancy.   From these parameters the load capacity ratio can be 
calculated and the time to ‘failure’ of the beam can be found.  
 Much work is still needed on the excel tool but it provided for a quick and 
efficient way for multiple calculations and comparisons to be completed in the time 
period that was allotted for this project.  Future plans for this project could include 
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making this tool acceptable for use by other structural fire engineers.  A ‘user’s 
manual’ for this tool is located in Appendix I. 
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Chapter 4- Application and Results  
 
 The results section will examine both the performance of steel beams from the 
U.S. Office layout as well as the Cardington Tests that have been a primary focus of 
this report.  Beams were selected form the various compartments of each office layout 
and both the thermal and structural performance was analyzed.   The full collection 
of .these graphs is located in Appendix G 
4.1 U.S. Office Design Standard Fire Exposure 
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Figure 27:  Interior Bay Steel Temperature, Eurocode Standard Curves 
 
 
 Figure 1 display the steel temperature for a W24x68 found in the interior bay 
of the US office layout exposed to the Eurocode Standard and Eurocode Hydrocarbon 
fires.  This graph represents a typical time temperature curve produced by a beam 
exposed to the constant fire exposure.   Table 15 below summarizes the temperature 
behavior of the beam from Figure 22 at 5, 30, 60 and 100 minutes.  The temperatures 
show a maximum difference of 68 C (650 C and 718 C at 30 seconds) between the 
smallest and largest beam size during any given time.   The maximum temperature 
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difference at a time step between the standard and hydrocarbon results is 219 C 
(W18x40 at 30 seconds). 
  
Comparisons of Structural Designs in Fire  Collette 
 
 81
Table 15:  Interior Bay Steel Temperatures (Celsius) at 5, 30, 60 and 100 minutes 
TIME 
(min) 
5 30 60 100 
BEAM Std Hydro. Std. Hydro. Std.    Hydro. Std. Hydro.
W24x68 83 136 456 650 734 927 922 1052 
W18x40 98 164 521 740 793 992 956 1078 
W24x55 94 157 504 718 779 977 948 1073 
 
 
 Figure 29 displays the reduction of yield strength over time.  Standard fire 
exposures apply a constant heat flux to the structural member resulting in 
continuously decreasing yield strength over the length of exposure.   The elastic 
modulus displays with temperature, which is shown in figure 30.   
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Figure 28: Yield Strength W24x68 
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Time vs. Modulus of Elasticity
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Figure 29: Elastic Modulus, W24x68 
 
 
 Figure 4 provides the time at which the beam will fail.  As defined earlier, a 
beam is said to fail when its calculated load capacity has fallen below the design load 
capacity, thus resulting in a load capacity ratio below 1.0.  When the curves in Figure 
31 fall below the red line, y=1.0, the beam fails.  Table 2 below the graph summarizes 
the various failure times based upon a consideration of 100% or a 50% of the design 
live load.  All load capacities were calculated based upon the members that were 
selected in the US office design.  This W24x68 spanned 30’ in the interior bay which 
was selected so 30’ was used in the calculation of design moments of the moments 
and load capacity of the beam.  With the Excel tool, the user can easily compare the 
results of various size beams found in the office layouts or change the span length for 
which the beams are calculated as during design and analysis.   
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Load Capacity
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Figure 30: Load Capacity Ratio, W24x68 
 
 
Table 16: Failure Times, W24x68 
Fire Exposure Loading Time to Failure (min) 
Standard 100% LL 56 
Standard 50% LL 63 
Hydrocarbon 100% LL 34 
Hydrocarbon 50% LL 38 
 
 
 To further display the results of a thermal and mechanical analysis of beams 
subject to the standard fire exposure, temperature histories for the W18x40, W24x55 
and W24x68 beams selected for the interior bay were calculated based upon 
application of the ASTM E119 and the ISO 834 standard fire curves.  The results of 
this comparison are shown in Figure 32.  Once can see that the curves are almost 
identical for all three beams and the two design fire curves.  This chart was intended 
to show that the ISO and ASTM curves are very similar in their behavior, therefore 
resulting in steel beams with very similar temperature histories. 
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Time vs Steel Temperature E119 and ISO 834
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Figure 31:  Comparisons of E119 and ISO 834 for Interior Bay beam sizes 
 
 
 
 Both Figure 33 and Figure 34 display the load capacity ratios of the selected 
W24x68 beam.  The differences in the graphs is that Figure 6 was calculated based 
upon a beam length of 30’, as found in the US office layout, and Figure 7 was 
calculated based upon a beam length of 10’, another length beam found in the office 
layout and also a length selected to show the impact of reducing the beam span on the 
load carrying capacity.  Once again, the red dashed lines indicate when the load 
capacity ratio falls below 1.0.  Table 17 summarizes the times to failure for both 
beam lengths, and one can see that it takes almost 30 minutes longer for the beam of 
one third the span to fail under the same loading conditions and furnace conditions.  
One way to extend the length of time it takes for a beam to fail and perhaps a 
structure to collapse is to reduce the span lengths of the beam, therefore reducing the 
fixed end moments and increasing the load capacity. 
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Load Capacity
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Figure 32: Load Capacity W24x68, Based on Exposure to E119 and ISO 834, Length = 30’ 
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Figure 33: Load Capacity W24x68, Based on Exposure to E119 and ISO 834, Length = 10’ 
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Table 17:  Failure Times of Beams with Length 30' and 10' 
Beam Length Time to Failure, 
100% LL 
Time to Failure,   
50% LL 
30’ 56 min 65 min 
10’ 94 min 100+ min 
 
4.2 U.S. Office Design - Parametric Fire Curves 
 
 The following section summarizes the results of the U.S. Office compartments 
that were exposed parametric time temperature histories.  Their performance greatly 
differs from those steel beams exposed to the standard fire exposure. 
4.2.1 Parametric Curves - BFD 
 
 The next compartment in the US office building that was analyzed was the 
Exterior Bay.  The beams selected from this compartment were analyzed using the 
BFD fire curves.  Figure 35 is a sample of results which shows the steel temperature 
for a W16x26 beam with a maximum temperature being varied from 150 C (series 4), 
200 C (series 3), 250 C (series 2), to 350 C (series 1) while the time to maximum 
temperature remains constant at 20 minutes.  These temperatures are lower than what 
might result from other design fires but they are input by the user.  This figure gives a 
representation of the effects on the BFD curve when the maximum temperature Tm 
changes and the time to maximum temperature, tm as well as the shape factor, Sc 
remain constant.  For simplicity in design and results, the two parameters that were 
varied during this project were Tm and tm.  The shape factor was assumed to be 1.0 
for all calculations using the BFD curves 
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Time vs. Steel Temperature
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Figure 34: Steel Time Temperature Curve, BFD Curves with varying Tm 
 
 
 Figure 36 is a graph of time versus the yield strength of the W16x26 beam.  
This is the resulting yield strengths from the varying maximum temperatures from 
Figure 35, with series 1 corresponding to the maximum temperature of 350.  With the 
lower temperatures that were input it can be seen that the lowest yield strength of the 
beam, 27 ksi occurs at a maximum temperature of 350 C at 20 minutes.  Figure 37 
displays the elastic modulus as a function of time.  Once again the beam with the 
maximum temperature of 350 C achieves the lowest elastic modulus of 24000 ksi.  
Although temperature in compartments fires are more often than not much higher 
than these maximum temperatures, it is critical to understand the behavior of steel at 
lower temperatures too and not disregard the possibility for loss of strength or 
stability with temperatures under 300 C 
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Time vs Yield Strength
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Figure 35: Time vs. Yield Strength, BFD Curves with changing tm 
 
Time vs. Modulus of Elasticity
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Figure 36: Time vs. Elastic Modulus, BFD Curves with changing tm 
 
 
 Figure 38 displays the effects of varying the time to maximum temperature on 
the BFD curves.  The graph plots time versus the steel temperature of W24x68 
exposed to the BFD fires when the maximum temperature is set at 1000 C but the 
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time to the maximum temperature is varied at 10 (series 4), 20, 30 and 40 (series1) 
minutes. 
 
Time vs. Steel Temperature
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Figure 37:  Steel Temperature BFD Curves, Changing tm, W27x84 
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Figure 38: Yield Strength of W24x68, BFD Curves 
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 Figures 39 and 40 are the graphs of time versus yield strength for the W24x68 
beam.  Figure 12 displays the entire length of the fire exposure, 200 minutes, while 
Figure 13 highlights the behavior of the beam from 0-20 minutes.  Both of these 
graphs show that it is possible for a beam to regain its yield strength during the 
cooling phase of a fire, which can often be overlooked.  While structurally, it is not 
possible for the yield strength to fall below zero as the graphs of the W24x68 shows, 
a structural steel beam can regain yield strength as its temperature decreases.  If 
plastic deformations or behavior occur, steel is able to regain its properties upon 
cooling back to ambient temperature.   
  By only graphing the first 20 minutes of the fire exposure, Figure 40 shows 
how quickly the beam loses its yield strength when exposed to a fire that reaches 
1000 C at 10 minutes.  By 9 minutes the beam’s yield strength has dropped below 
zero, which implies that the beam has achieved performance to extreme (or inelastic) 
and is unable to regain its structural properties during the cooling phase. This graph is 
also a strong indication of how very severe fires can impact a structural member 
versus fires that are less severe in duration. 
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Figure 39: Yield Strength, W24x68, 0-20 min exposure 
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 Figure 41 below shows the similar pattern in behavior as the yield strength. It 
also shows that a beam can regain portions of its elastic modulus during the cooling 
phase.  Again it’s important to note that a beam can not have its elastic modulus drop 
below 0 as this graph displays because the structural steel beam will be unable to 
regain its elastic modulus once it enters the cooling phase.  Beams that are not 
exposed to fires this severe are able to regain parts of their elastic modulus.  
 
Time vs. Modulus of Elasticity
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Figure 40: Elastic Modulus of W24x68, BFD Curves 
  
 Perhaps the most interesting graph to analyze is the load capacity of the 
W24x68 subjected to BFD curves with a  maximum temperature of 1000 C and 
varying times to the maximum temperature of 10, 20, 30 and 40 minutes.  Figure 42 
and Figure 43 below show the effects of time and temperature on the load capacity of 
the beam.  Figure 15 displays the load capacity ratio of the 30’ W24x68 beam for 
both 50% and 100% live load calculations for each of the four BFD curves.  Figure 
16 highlights the beam’s behavior for the first 20 minutes of exposure in order to 
better see the times the beam fails under each circumstance.   
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Load Capacity
0.00000
0.20000
0.40000
0.60000
0.80000
1.00000
1.20000
1.40000
1.60000
1.80000
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00
Time (min)
Lo
ad
 C
ap
ac
ity
 R
at
io
LL,BFD 1 .5LL,BFD 1 LL,BFD 2 .5LL,BFD 2 LL,BFD 3 .5LL,BFD 3 LL,BFD 4 .5LL,BFD 4  
Figure 41: Load Capacity of W24x68, BFD Curves 
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Figure 42: Load Capacity of W24x28, BFD Curves, 0-20 minutes 
 
 
 Table 18 summarizes the failure times of the beam for each of the eight 
comparisons.  It can be seen that when only 50% of the office design live load is used 
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to assess capacity, the time to failure increases by a maximum of three minutes during 
the fire with a time to maximum temperature of 40 minutes.  The small variation in 
time to failure for these fires is due to the long span of the beam, 30’, as well as the 
severe exposure of the fires, all of which are reaching 1000 C before 40 minutes.  
This is causing all beams to fail very rapidly.  As long as the load capacity ratio does 
not fall below 1.0, indicating structural failure, it is able to increase once again during 
the cooling phase of the fire when the beams yield strength is increasing as well. 
 
Table 18:  Failure Times W24x68, BFD Curves 
Time to Failure Time to Max Temperature 100% Live Load 50% Live Load 
10 5 6 
20 9 11 
30 13 15 
40 17 20 
 
4.2.2 Parametric Fires - Swedish Curves 
 
 The next analysis that was completed was the corner bay compartment of the 
US Office layout.  This analysis was completed using three, representative beam 
sections from the compartment exposed to the Swedish curves.  Because there are  
over 48 time-temperature curves given by the Swedish Design Manual, it was decided 
to use four opening factors; .02, .04, .06 and .08 m1/2 as well as three fuel loads; low, 
medium and high as representation of the published curves.  The low fuel loads used 
ranged from six to twelve MCal/m2 , medium fuel loads 30 to 60 MCal/m2 and high 
fuel loads were the highest fuel loads given for each of the opening factors.   
 Figure 44 shows the first graph of the Swedish Curve calculations; it 
represents a W12x16 beam exposed to a fire produced from a low fuel load.  Table 19 
below the figure summarizes the maximum temperatures reached for each of the four 
opening factors.  The maximum temperature reached for an opening factor of .08 was 
over 350 C higher than the maximum temperature with an opening factor of .02 
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Time vs. Steel Temperature, Swedish Curves
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Figure 43: Steel temperature W12x16 Low Fuel Load 
 
 
 
Table 19:  Maximum Steel Temperature W12x16 
Opening 
Factor Max Temp (C) Time (min) 
.02 530 8 
.04 658 7 
.06 788 7 
.08 894 6 
 
 
 Figure 45 below is a graph of the time versus yield strength of the W12x16 
beam.  Because the beam is lightweight in comparison to others used in this analysis, 
its yield strength decreases very rapidly when exposed to severe fires.  The beam’s 
yield strength dropped to three ksi when exposed to a fire with an opening factor 
of .08 while its yield strength only dropped to 18 ksi when exposed to a fire with an 
opening factor of .02.  The yield strength then increased during the cooling phase of 
the fire.  This shows how critical the opening factor is to the fire and the thermal 
response of structural element as it can create very severe fires in a compartment with 
large ventilation rates.  
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Time vs. Yield Strength
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Figure 44: Yield Strength of W12x16 Exposed to Low Fuel Load 
 
 
 
 As seen in Figure 46, the graph of steel temperature begins to change when 
the fuel load is increased.  The W12x16 beam achieves higher temperatures with a 
higher fuel load but also takes longer to achieve those temperatures.   
 
Time vs Steel Temperature, Medium Fuel Load
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Figure 45: Steel Temperature for W12x16, Medium Fuel Load 
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 Table 20 below summarizes the maximum temperatures reached by this beam 
when exposed to a fire with a medium fuel load.  The maximum temperature reached 
was 1003 C, up from 894 C during a low fuel load fire in the previous analysis 
(Figure 44).  It also took 14 minutes to achieve this temperature, about 6 minutes 
longer than the 894 C (Table 19).  
 
Table 20: Maximum Steel Temperatures W12x16 
Opening 
Factor 
Max Temp (C) Time (min) 
.02 756 74 
.04 891 38 
.06 982 27 
.08 1003 14 
 
 
Time vs. Modulus of Elasticity
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Figure 46: Elastic Modulus W12x16 Medium Fuel Load 
 
 Figure 47 displays the effects of time and temperature on the elastic modulus.  
One can see from the graph that the elastic modulus decreases more rapidly with 
increasing ventilation.  It takes approximately 75 minutes for the beams elastic 
modulus to drop to 7000 ksi with an opening factor of .02 but only 30 minutes for the 
elastic modulus to fall below zero with an opening factor of .08.   
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 The graphs of yield strength and elastic modulus are very similar in their 
behavior so representative graphs showing trends in behavior were included in this 
section.  All other graphs for yield strength, elastic modulus and load capacity can be 
found in Appendix G   
 Figure 48 is a graph of the steel temperatures for a W12x16 exposed to a fires 
with a high fuel load (60-90 MCal/m2 ). From figure 48 and Table 21, the maximum 
temperature now reached by this beam is 1081 C which occurs at 37 minutes.  
Compared to the medium fuel load exposure, the maximum temperature is 80 C 
higher and occurs 23 minutes later.  The general trend between the three levels of fuel 
loads is that the beam is achieving higher temperatures but taking longer to reach 
them.  This can be seen for all beam sizes exposed to all three fuel loads.  A summary 
of these maximum temperatures is given in Table 25 at the conclusion of this section. 
 
  
Time vs. Steel Temperature, Swedish Curves
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Figure 47: Steel Temperature W12x16, High Fuel Load 
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Table 21: Maximum Steel Temperature High Fuel Load 
Opening 
Factor 
Max Temp (C) Time 
(min) 
.02 805 98 
.04 972 72 
.06 1035 47 
.08 1081 37 
  
 Figure 49 below shows the load capacity ratio for the W12x16 beam during a 
high fuel load fire.  For each of the opening factors and levels of design live loads 
(50% and 100%), the beams fail before 160 minutes with the first beam scenario 
failing at under 20 minutes and the last failing around 150 minutes.  These are critical 
results to understand because this graph indicates that a given beam size can have 
varying failure times which differ by over 100 minutes, depending on the fuel load 
and ventilation.  This shows the importance of understanding the fuel load in a fire as 
well as the ventilations in a compartment as they control the temperature the steel will 
achieve as well as when it will fail.  This load capacity for this beam was also 
calculated at a length of 10’ as taken from the US office layout to show that shorter 
spans of beam sections can withstand failure for a longer period of time.  
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Load Capacity, High Fuel Load
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Figure 48: Load Capacity, W12x16 High Fuel Load 
 
 
 The next beam that was analyzed from the corner compartment was the largest 
beam size, W24x76.  Analyzing both the smallest and largest beam in the 
compartment shows that engineers must consider all elements during structural fire 
design.  A W12x16 is not going to behave in the same manner as a W24x76 but they 
may be exposed to the same fire.  The effects of the various beam sizes and their 
behavior must be considered in the global analysis of the structure. 
 Figure 50 is the first steel temperature graph for the W24x76 beam.  When 
exposed to a fire of a low fuel load, the maximum temperature reached by the beam 
was 666 C at eight minutes.  This outcome and the results for the four opening factors 
are summarized in Table 22 below as well. 
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Time vs. Steel Temperature, Swedish Curves
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Figure 49: Steel Temperature W24x76, Low Fuel Load 
 
 
Table 22: Maximum Steel Temperature, Low Fuel Load 
Opening 
Factor 
Max Temp (C) Time (min) 
.02 423 14 
.04 456 10 
.06 573 9 
.08 666 8 
 
 
 Figure 51 is a graph of the yield strength reduction of the W24x76.  The 
curves in Figure 51 illustrate the trends seen in previous graphs: the higher the 
temperature and longer the exposure, the greater the reduction in yield strength.  The 
yield strength is reduced more rapidly with a larger opening factor. 
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Time vs. Yield Strength
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Figure 50: Yield Strength of W24x76, Low Fuel Load 
 
 
 
 Figure 52 is a graph of the steel temperature for the W24x76 exposed to a 
medium fuel load.  The maximum temperature achieved during this fire scenario is 
1045 at 26 minutes.  The maximum temperatures for each of the four opening factors 
are listed in Table 23. 
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Time vs Steel Temperature, Medium Fuel Load
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Figure 51: Steel Temperature W24x76 Medium Fuel Load 
 
 
 
 
Table 23: Maximum Steel Temperatures, W24x76, Medium Fuel Load 
Opening 
Factor 
Max Temp (C) Time (min) 
.02 752 75 
.04 888 39 
.06 976 27 
.08 1045 26 
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Time vs. Modulus of Elasticity
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Figure 52: Elastic Modulus W24x76, Medium Fuel Load 
 
 
 Figure 53 above plots the elastic modulus versus time.  For this scenario, the 
behaviors of the beam during a fire with opening factors of .06 and .08 are fairly 
similar, while that for an opening factor of .02 is much different.   This opening factor 
reaches a minimum elastic modulus of 7000 ksi at 80 minutes, while the elastic 
modulus falls below 0 at around 25 minutes when the opening factor is .08. 
 Figure 54 displays the time versus steel temperature curves for a W24x76 
exposed to a high fuel load fire with the four opening factors of .02, .04, .06 and .08.   
This beam size reached its highest temperature of 1078 at a time of 37 minutes with 
an opening factor of .08 and the maximum temperature decreased with the opening 
factor.  For an opening factor of .02, the lowest temperature achieved by this beam 
was 801 C at 101 minutes.  The maximum temperatures are summarized in Table 24 
below. 
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Time vs. Steel Temperature, Swedish Curves
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Figure 53: Steel Temperature W24x76, High Fuel Load 
 
 
Table 24: Maximum Steel Temperature, High Fuel Load 
Opening 
Factor Max Temp (C) Time (min) 
.02 801 101 
.04 971 72 
.06 1036 48 
.08 1078 37 
 
 
 Load capacity ratios are graphed in Figure 55.  The red line on the graph 
illustrates when the beam will fail as its load capacity ratio falls under 1.0.   The load 
capacity graphs of the W12x16 (Figure 49) and W24x76 look very similar and do not 
vary greatly in failure times. When analyzing the graphs it is important to understand 
that the W12x16 was designed with a 10’ span and the W24x76 was designed for a 
30’ span.  The increased resilience of the W24x76 to thermal effects is then reduced 
by increasing the span of the beam.  The span of the beam must be considered when 
looking at load capacity ratios as the fixed-end moments that are calculated for this 
behavior depends on the spacing and span of the beam. 
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Load Capacity, High Fuel Load
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Figure 54: Load Capacity W24x76, High Fuel Load 
 
 In order to compare the effects of each beam size, fuel load and opening factor, 
Table 25 was created to summarize the results of maximum steel temperature 
obtained from all of the simulations that were conducted with the Swedish Curves.  
The table shows that the temperatures range from a minimum of 530 C to 1081 C for 
the W12x16 and a minimum of 423 C to 1078 C for the W24x76.  The tabulated data 
fore ach beam size shows that the temperatures increase with the fuel load and the 
opening factor. 
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Table 25: Summary of Maximum Steel Temperatures from Swedish Fire Curves 
 
Beam Size Fuel Load Opening Factor 
Maximum 
Temperature 
Time to Maximum 
Temperature 
.02 530 8 
.04 658 7 
.06 788 7 
Low 
(6-12 
MCal/m2) 
.08 894 6 
.02 756 74 
.04 891 38 
.06 982 27 
Medium 
(36-45 
MCal/m2) 
.08 1003 14 
.02 805 98 
.04 972 72 
.06 1035 47 
12x16 
High 
(60-90 
MCal/m2) 
.08 1081 37 
.02 423 14 
.04 456 10 
.06 573 9 
Low 
(6-12 
MCal/m2) 
.08 666 8 
.02 752 75 
.04 888 39 
.06 976 27 
Medium 
(36-45 
MCal/m2) 
.08 995 15 
.02 801 101 
.04 971 72 
.06 1036 48 
24x76 
High 
(60-90 
MCal/m2) 
.08 1078 37 
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4.2.3 Parametric - CFAST Computer Based Simulations 
 
 The next calculations that were completed were for the Lobby area of the US 
Office design.  The beams selected from this layout were exposed to the temperature 
histories that resulted from the Non-Flashover fire scenarios from the CFAST models 
in the work by Amanda Moore.  Six fire scenarios were selected that did not reach 
flashover.  Figure 56 shows the steel temperature curves resulting from the 
application of these fires to a W12x16 beam.  Table 26 below the figure displays the 
steel temperatures for each of the fires at 5, 15, 20 and 40 minutes if the temperatures 
were recorded for that amount of time.  The table shows that the maximum 
temperature reached by the steel beam in these fire conditions was approximately 191 
C, at 15 minutes.   
Time vs. Steel Temperature, CFAST fire
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Figure 55: Steel Temperature, Non-flashover CFAST Fires, W12x16 
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Table 26: Steel Temperatures, Non-Flashover Fires, W12x16 
FIRE SCENARIO 5 (min) 15 (min) 20 (min) 40 (min) 
Simple Quad Concrete - No Vent 50 86 79  
Simple Double Gypsum Door 
and Window 
40 191 183  
Bank 1988 Quad Gypsum No 
Vents 
49 108 99 66 
Bank 1996 Quad Concrete, No 
Vents 
82 78 71  
EXEC GSA Gypsum, Door and 
Window 
32 86 107  
EXEC NIST Concrete, Door and 
Window 
78 107 105  
 
 
 Figure 57 is a graph of the steel temperatures for a W30x173 subjected to the 
same six non-flashover scenarios. The maximum temperature reached by this beam 
size was 92 C, a fairly insignificant value for structural fire design.  The maximum 
temperature values for the W12x16 and W30x173 beam selections are summarized in 
Table 27.  A major difference in the graphs for the two beam sizes is that none of the 
curves in Figure 30 entered a cooling phase because the W30x173 took more time to 
heat up and longer to cool down.  The difference in the weights and dimensions of the 
W12x16 and W30x173 produced very different temperature patterns. 
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Time vs. Steel Temperature, CFAST fire
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Figure 56: Steel Temperature, Non-Flashover CFAST Fires, W30x173 
 
 
Table 27: Maximum Steel Temperatures of W12x16 vs. W30x173 
FIRE SCENARIO 27x84 30x173 
Simple Quad Concrete - No Vent 59 49 
Simple Double Gypsum Door and 
Window 
118 92 
Bank 1988 Quad Gypsum No Vents 71 59 
Bank 1996 Quad Concrete, No 
Vents 
56 47 
EXEC GSA Gypsum, Door and 
Window 
88 73 
EXEC NIST Concrete, Door and 
Window 
92 68 
 
 
 
 In addition to calculating the steel temperatures for the non-flashover fires, six 
scenarios were selected from the CFAST.  Most compartment fires and structural fire 
designs focus on flashover or post-flashover fires; however it is important to 
understand the temperature differences in scenarios that produce non-flashover fires 
compared to flashover fires.   
 Figure 58 displays the temperature histories for a W12x16 exposed to six 
flashover scenarios, and Figure 59 presents the results for a W30x173.  The flashover 
scenarios for Moore’s work are described in Table 14.  This table also provides a 
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comparison of the maximum temperatures reached during the flashover fires for the 
W12x16 and the W30x173.  The table shows that the maximum temperatures were 
420C for the  W12x16 and 239 C for the W30x173.  The temperatures recorded, even 
for flashover fires, are low compared to the temperatures achieved by beams exposed 
to the other time-temperature curves such as the Swedish curves, standard fire test 
curves or BFD curves.   
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Figure 57: Steel Temperature, CFAST flashover fires, W12x16 
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Load Capacity of Steel Beam, CFAST Fires
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Figure 58: Load Capacity Ratio, CFAST Flashover, W12x16, 10' 
 
 
 Figures 59 and 61 are graphs of the load capacity ratios for each of the two 
beams which were used in the lobby comparisons and calculations.  Figure 59 shows 
that the load capacity ratio of the W12x16 beam reaches a minimum of 3.25 therefore 
showing that the beam did not fail under the flashover condition represented by the 
graph.  Once again, because four of the six flashover fires had similar behavior, the 
two fires with the greatest variation in temperature were used to calculate the load 
capacity.   The load capacity graphs then present the highest and lowest ratios that the 
beam would incur during fire exposure.  Figure 61 provides much less of a decrease 
in the load capacity over the time of the fire. However, this beam could not be used in 
design because the load capacity ratio at the initial time = 0 minutes is less than 1.0.  
A W30x173 beam, 30’ long would fail, by definition, without exposed to the two 
selected flashover fires.  According to the results, the W30x173, with a 30’ span is 
inadequate for the lobby application.   
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Time vs Steel Temperature
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Figure 59: Steel Temperature, CFAST flashover fires, W30x173, Length =30’ 
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Figure 60: Load Capacity Ratio, flashover fires, W30x173 
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Table 28: Maximum Steel Temperatures, Flashover Fires, W12x16 vs. W30x173 
FIRE SCENARIO W12x16 W30x173 
Bank 1996 Quad Concrete, 2 
Doors 2 Windows 
345 163 
Bank 1996 Quad Gypsum, 
Door 
414 186 
Bank 1996 Quad Gypsum, 2 
Doors 2 Windows 
403 188 
Bank 1988 Quad Gypsum, 
Door 
420 239 
Simple Quad Concrete, 2 
Doors 2 Windows 
170 88 
Single Quad Gypsum, Door 
and Window 
220 109 
  
 Figures 62 and 63 provide an additional comparison of the CFAST results by 
graphing and comparing the steel temperatures of each of the six beams selected from 
the lobby compartment.  In each graph the beams were exposed to the same fire 
condition.  Figure 62 is a non-flashover scenario, Simple Quad Concrete with a Door 
and a Window and Figure 36 is a flashover scenario, Bank 1996 Quad Concrete - 2 
doors and 2 Windows.  For each of the calculations, the heavier beams took longer to 
heat up and achieved the lowest temperatures.   
 
Time vs. Steel Temperature, CFAST Fires
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Figure 61:  Non-Flashover Fire Exposure for Lobby Beams 
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Time vs. Steel Temperature, CFAST Fires
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Figure 62: Flashover Fire Exposure for Lobby Beams 
 
4.2.4 Parametric – CE 534 Long and Short Duration  
 
 The final section of the US office that was analyzed was a compartment 
referred to as “other” throughout the report.   When selecting portions of the office to 
use in analysis and comparison there was a portion of the layout (beam size, span) 
that varied from the rest of the building, much like the lobby portion.  The time-
temperature curves used in analysis of this compartment were the short duration and 
long duration parametric fires provided through a previous course in structural fire 
protection.  Figure 64 shows the first calculation of steel temperature for a W12x16 
beam.  This beam size was found in almost every compartment as the smallest beam 
section in the office layout.  Figure 64 graphs the steel temperatures resulting from 
the long duration fire and short duration fire as well as the ASTM E119 temperature 
curve in order to compare behavior in parametric fires to that in a standard fire 
exposure.  The graph shows that the long duration fire has behavior similar to a 
standard exposure but includes consideration of the cooling phase of the fire.  The 
short duration fire heats up the steel similar to the standard fire exposure but achieves 
a maximum temperature more quickly. 
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Time Temperature Curves - Parametric Fires
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Figure 63: Steel Temperature, CE 534 Parametric, W12x16 
 
 
Table 29: Steel Temperatures and Times, CE 534, W12x16 
Fire Maximum 
Temp, (C) 
Time to Max.  
Temp, (C) 
Short 
Duration 
985 31 
Long 
Duration 
1064 95 
 
 Table 29 summarizes the maximum temperatures reached by the W12x16 
exposed to both duration fires as well as the time at which the maximum temperature 
was achieved.  
 Figure 65 is the steel temperature graph for a larger beam, W24x62, in the 
compartment.  Both figures 64 and 65 are identical in shape and trends in temperature. 
Table 30 below compares the maximum temperatures achieved for both the W12x16 
and W24x62. 
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Time Temperature Curves - Parametric Fires
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Figure 64: Steel Temperature, CE 534 Parametric Fires, W24x62 
 
 
Table 30: Comparison of Maxium Steel Temperatures for CE 534 fires 
Beam Fire Maximum Temperature
W12x16 Short 985 
 Long 1064 
W24x62 Short 978 
 Long 1063 
 
 Figures 66 and 67 show the reduction in yield strength and load capacity ratio 
of the W24x76 beam during exposure to both parametric fires.  The yield strength of 
the beam exposed to the short duration, high intensity fire falls to 0 ksi at around 30 
minutes while the long duration curve falls below zero at around 80 minutes.  A 
similar trend can be found in the graphs of the elastic modulus.  The load capacity 
ratio is graphed for both parametric fires and for both 50% and 100% of the design 
live load.  It must be noted that both beams started with a load capacity under 1.0 if 
designed at 30’ taken from the US office layout and exposed to the two parametric 
curves.   
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Figure 65: Yield Strength, CE 534, W24x76 
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Figure 66: Load Capacity of W24x76, CE 534 
 
 Figures 68 and 69 provide comparisons of three different beam sizes exposed 
to the same design fire for each graph.  Figure 41 shows the behavior of a W12x16, 
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W24x62 and W18x35 when exposed to the Long Duration, Lower Intensity fire and 
Figure 42, the Short Duration, Higher Intensity fire.  Both graphs show that the beams 
used in the design of this compartment in the office layout do not vary greatly in their 
behavior.  The parametric curves that were used in these designs prescribe that a 
maximum temperature is achieved at a certain time and a linear relationship is used 
for the decay phase.  For the given fire descriptions beams that are similar in size and 
weight have time-temperatures graphs. 
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Figure 67:  Steel Temperatures for 'Other' Compartment beams exposed to Long Duration Fire 
 
 
 
Figure 68: Steel Temperatures for 'Other' Compartment beams exposed to Short Duration Fire 
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4.3 Cardington Test Comparisons and Analysis 
  
 Once the performance investigations of the US Office compartments were 
completed the project moved onto comparing the published data of the four, full-scale 
tests at Cardington to the data produced by the Excel calculations.  The four 
compartments that were selected (excluding the ‘other’), exterior, interior, corner and 
lobby, can be compared to the four tests of the Cardington studies.  While the scope 
of the physical tests was not the same, both the comparisons of the US Office and 
Cardington tests show that it was critical to examine all elements of an office layout.  
Each US office compartment and each Cardington test had a purpose to 
understanding the total behavior of the structure. 
4.3.1 Cardington Test 1 – Restrained Beam 
 
 The first comparison that was completed was for the [305x165 (40 kg/m)]  
found in Test 1.  Figure 70 graphs the steel temperature history that obtained from the 
Cardington Tests as well as the steel temperature that was generated from the Excel 
calculations.  For this comparison, the long duration and BFD curves were used as the 
design fires for the Excel calculations.    
 The primary beam used in Test 1 reached a maximum temperature of 894 C at 
168 minutes.  Thermocouple 63 located on the lower flange achieves this maximum 
temperature. Graphing the data from this test shows that the beam heated up slowly as 
it did not reach its maximum temperature until 168 minutes.  The design fires used in 
comparison reach their maximum temperatures well before 168 minutes.  This slow 
heat up in the Cardington test made it difficult to predict the behavior of the beam 
from the design fires that were numerically analyzed.  The graph shows the long 
duration, low intensity fire as well as a BFD curve fit to the data.  Because the BFD 
curves allow the user to input the maximum temperature as well as the time at which 
the maximum temperature is achieved, the curve gives a fairly strong correlation to 
the Cardington data for the first 168 minutes during the growth of the fire.  The decay 
phase however, is poorly represented by the created BFD curve. 
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Figure 69: Steel Temperature Comparisons, Cardington Test 1 
 
 For some of the graphs comparing the published Cardington data to the 
calculated data using the various design curves explored in this work, a table of 
correlation values was also prepared.  These tables provide values for the relation of 
the published data to the calculated data; these values ultimately show how closely 
the numerical fires are to predicting the actual published test data from natural fires.   
 
 
Table 31: Cardington Test 1 Correlation 
 Bottom Web Upper 
Upper 
Atmos. 
Lower 
Atmos. 
Long 
Duration BFD 
Bottom 
 1        
Web 
 0.999 1       
Upper 
 0.981 0.978 1      
Upper 
Atmos. 0.965 0.972 0.907 1     
Lower 
Atmos. 0.982 0.988 0.940 0.995 1    
Long 
Duration -0.126 -0.144 -0.222 0.052 0.027 1   
BFD 0.917 0.911 0.971 0.811 0.855 -0.127 1
 
  
 Table 31 shows that the correlation between the BFD curve and the published 
data is much stronger than that for Long Duration fire is to the published data.  For 
Comparisons of Structural Designs in Fire  Collette 
 
 121
most graphs, the results are visually clear but in some where the design fires better 
replicate the behavior, the correlations are valuable relationships.  
 Figure 70 displays the comparisons of the load capacity ratios for the 
Cardington data as well as the long duration curve and the BFD curves used to 
replicate test 1.  From this graph one can see that the intensity of the long duration 
fire is much higher than the Cardington fire as the load capacity ratio decreases below 
1 at 23 minutes while the Cardington beam does not fail until 80 minutes. 
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Figure 70: Load Carrying Capacity Comparisons, Cardington Test 1 
 
 To provide an additional comparison, Test 1 was also compared to the 
standard fire curves of the Eurocodes, both the Standard and the Hydrocarbon.  These 
are represented in Figure 71 as the two smooth lines at the top of the graph.  This 
comparison shows that while the standard fire curves produce temperatures up to 500 
C higher then the lowest Cardington test temperatures, the shape of the fire curves is a 
more accurate prediction of the temperature growth than either the BFD or Long 
Duration parametric. 
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Figure 71: Steel Temperature Comparisons 2, Cardington Test 1  
 
  
4.3.2 Cardington Test 2 – Plane Frame 
 
 
Time vs Steel Temperature Primary Beam Test 2
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Figure 72: Steel Temperature Comparisons, Cardington Test 2, Primary 
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Table 32: Cardington Test 2, Correlations 
  Lower Web Upper Atmos. Swedish BFD 
Lower 
 1       
Web 
 0.999 1      
Upper 
 0.973 0.973 1     
Atmos. 
 0.948 0.954 0.877 1    
Swedish 
 0.085 0.086 -0.134 0.282 1   
BFD 
 0.794 0.794 0.910 0.634 -0.506 1 
 
  
 One set of temperature data for the bottom flange, web and upper flange as 
well as the atmosphere temperature are displayed in Figure 45 for the primary beam 
in Test 2 of the Cardington tests.  Once again it can be seen that the steel temperatures 
reach a maximum at around 150 minutes, which is a much greater elapsed time than 
for numerical fires used in this report.  This lengthy growth phase makes the 
Cardington temperatures hard to predict. 
 For comparison, Figure 72 includes temperature data produced from the 
Swedish Curve with opening factor of .02 and fuel load of 30 kg/m2.  A Swedish 
curve was selected because of its representation of the decay phase; however, none of 
the Swedish curves provided an accurate simulation of the Cardington data because 
they reached a maximum temperature too quickly.  A BFD curve was also used, with 
the maximum temperature of approximately 680 C as well as time to maximum 
temperature of 150 minutes from the published data.  A reoccurring problem in the 
comparison of the published Cardington data to the predicted temperatures from 
various design curves is the delay time.  In this graph it can be seen that the steel 
beams under the Cardington conditions heat up much quicker than the steel beam 
subjected to the BFD fire exposure.  The correlation between the growth phases of the 
Cardington data and the BFD data is high, but there is a delay in the time of 
temperature growth with the BFD curve.   
 Figure 73 compares the temperature data from the edge beam of Cardington 
Test 2 to a BFD curve.  Following the graph are two correlation tables.  Table 34 
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provides the correlation values for the entire duration of the fire data, 250 minutes, 
and Table 35 provides the correlation values for the growth period of the fire, from 0 
to 150 minutes.  Having two tables shows the BFD curve provides a stronger 
correlation for the growth of the fire than it does the decay, which from observation 
of the graphs is recurring trend. 
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Figure 73: Steel Temperature Comparisons, Test 2, Edge Beam 
 
 
 
  Bottom Web Upper BFD 
Bottom 1    
Web 0.995 1   
Upper 0.973 0.973 1  
BFD 0.794 0.794 0.910 1 
Table 33: Correlation, Cardington Test 2, Edge Beam 
 
 
 
  Bottom Web Upper BFD 
Bottom 1     
Web 0.999 1    
Upper 0.987 0.986 1   
BFD 0.890 0.888 0.950 1 
Table 34: Correlation, Cardington Test 2, Edge Beam, Heating Phase 
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4.3.3 Cardington Test 3 – Corner      
 
 The next sets of comparisons were completed for the third Cardington test, the 
corner test.  Figures 74 and 75 display the steel temperature of a primary and an edge 
beam from Test 3 of the Cardington tests.  A maximum temperature of 850 C occurs 
at 82 minutes for the primary beam, and a maximum temperature of 372 C occurs at 
120 minutes for the edge beam.  It can be seen that the temperature history for the 
edge beam in this test was significantly lower than for the primary beam.  This is 
because of the location of the furnace for this test.  A critical element to analyzing the 
steel temperatures of the Cardington tests is to recognize the furnace and 
thermocouple location for each element.   
 Both the primary and the edge beam are compared to BFD curves.  It can be 
seen that the BFD curve accurately predicts the heating phase of the primary beam 
and the cooling phase of the edge beam.  While these graphs have the closest 
correlation of any of the comparisons, it is important to understand that these 
correlations prove that it is indeed difficult to simulate numerically both the heating 
and cooling phase of a steel beam in a natural fire.   
 For the primary beam, the published data was also compared to the calculated 
data for the [356x171(51 kg/m)] beam exposed to a Swedish Curve.  While the graph 
shows a weak correlation between the Cardington test data and the analytical results 
from the Swedish curves, the overall shape of the Swedish temperature curves is very 
similar to the published test data. 
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Time vs Steel Temperature Primary Beam Test 3
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Figure 74: Steel Temperature Calculation, Test 3, Primary 
 
 
Table 35: Correlations, Test 3, Primary Beam 
  Bottom Web Upper BFD Swedish 
Bottom 1      
Web 0.998 1     
Upper 0.980 0.967 1    
BFD 0.944 0.929 0.977 1   
Swedish -0.003 0.049 -0.177 -0.233 1 
 
 
Time vs Steel Temperature Edge Beam Test 3
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Figure 75: Steel Temperature Comparisons, Test 3 
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  Bottom Web Upper BFD 
Bottom 1       
Web 0.993082 1     
Upper 0.989001 0.993561 1   
BFD 0.863426 0.840135 0.889483 1 
Table 36: Correlation, Cardington Test 3, Edge Beam 
 
 
 Tables 36 and 37 provide the correlation values for the primary and edge 
beams respectively.  One can see that the correlations of the primary beam range 
from .929 to .976 in comparing the BFD curve to the three published curves (upper 
flange, web and lower flange).  The correlations for the edge beam range from .840 
to .889.   Both of these tables show that the BFD, when used in hand calculation 
methods of steel temperature, are reasonably accurate in their predictions of thermal 
performance in natural fires.  
4.3.4 Cardington Test 4 – Mock Office Fire 
 
 For Test 4, the mock office fire, the published data for a secondary beam was 
compared to the steel temperatures of a beam exposed to Swedish time-temperature 
curves.  Figure 76 once again displays the time delay that makes predicting the steel 
temperature so challenging.   The recorded data for the primary beam of the office 
fire was compared to the calculated temperature of the data when calculated using 
two Swedish curves, one with an opening factor of .04, one of .08.  Figure 76 shows 
that similar to the other Cardington comparisons, the numerical simulations predict a 
similar temperature behavior, but at the incorrect times.   
 For this comparison, one can see the impacts of the ‘delay time’ or ‘lag time’ 
when steel beams are exposed to fire.  Figure 49 shows that it takes about 15 minutes 
for the Cardington beam to begin to heat up in the fire.  When a “delay time” of 15 
minutes is added to the temperature curves for the numerical results, the correlations 
between the Swedish curves and the Cardington data increase tremendously. 
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Figure 76: Steel Temperature Comparisons, Test 4, Primary 
 
 
 
  Bottom Web Upper Swedish 
Bottom 1     
Web 0.997 1    
Upper 0.976 0.969 1   
Swedish 0.242 0.277 0.093 1 
Table 37: Correlation, Cardington Test 4, Primary (before delay) 
 
 Figure 77 is the same comparison as graphed in Figure 76, but with the 
addition of a 15 minute time delay.  From Table 38 and Table 39, the correlations of 
these two comparisons increase from .242, .277 and .093 to .928, .923, and .855.  The 
only correlation that decreased was between the Swedish curves and the upper flange, 
which is because of the use of the lumped parameter method which assumes a 
uniform temperature profile throughout the beam.  The upper flange does not achieve 
the higher temperatures as it is supporting a concrete slab.  The strongest correlation 
is provided between the Swedish curves and the web and bottom flange 
measurements.   
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Steel Temperature - Test 4
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Figure 77: Steel Temperature Comparisons, Test 4, Primary with time delay 
 
 
 
  Bottom Web Upper Swedish 
Bottom 1     
Web 0.997 1    
Upper 0.976 0.969 1   
Swedish 0.928 0.923 0.855 1 
Table 38: Correlation, Cardington Test 4, Primary (with time delay) 
 
 
 The final comparison which displays the effect of the time delay is the 
secondary beam of Cardington Test 4.  This beam was also compared to a Swedish 
curve with an opening factor of .08.  Figure 78 clearly shows that with the addition of 
a 15 minute time delay to the calculation, the Swedish curve predicts the growth in 
temperature of the beam.  For the cooling portion of the curve, the Swedish curve 
closely predicts the exact shape of the cooling, but calculates temperatures that are 
slightly lower than the Cardington data. 
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Steel Temperature - Test 4 (Secondary)
0
200
400
600
800
1000
1200
0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0 200.0
Time (min)
Te
m
pe
ra
tu
re
 (C
)
Web Lower Upper OF .08  
Figure 78: Steel Temperature Comparisons, Test 4 
 
 
 Table 40 also shows an important trend in the comparison data.  This is that 
the correlation values between the calculated steel temperatures and the recorded 
temperatures of the upper flange tend to be less than the lower and web temperatures.  
This is because for all of the Cardington tests, the upper flange of the beam is 
supporting a concrete slab so it will heat up slower and not reach temperatures as the 
exposed steel of the lower and web sections of the beam. 
 
  Lower Web Upper Swedish 
Lower 1     
Web 0.99904 1    
Upper 0.945454 0.949424 1   
Swedish 0.956259 0.948311 0.887438 1 
Table 39: Correlation, Cardington Test 4, Secondary 
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Chapter 5 – Trends  
 
 Understanding the trends in behavior of steel beams under natural fire 
conditions is critical to developing models that can reliably predict the behavior of 
these beams.  During the development of time-temperature curves for the published 
data of the Cardington tests as well as the calculations resulting from the Excel tool, a 
variety of trends in behavior were found. 
 It must be noted that previous coursework completed in the area of structural 
fire protection covered the basic trends in the behavior of steel beams.  The main 
trend previously analyzed was the differences in both the heating and cooling 
temperatures of lighter vs. heavier beams.  From previous work on the temperature 
behavior of steel beams, for a given fire exposure, it was assumed that lighter beams 
would heat up at a faster rate than heavier beams and would cool down at a faster rate.  
This behavior must be addressed before analyzing further trends throughout this study. 
5.1 Trends in Fire Behavior of Cardington Tests 
  
 With the variety of compartments, beam sizes, and design fires, a large 
number of comparisons could have come out of this study.  With the development of 
a tool to easily calculate and create these comparisons, more comparisons can be 
completed and analyzed over time.  From the comparisons and calculations that were 
completed several trends in behavior are highlighted in this section and their impact 
on structural fire design.  These trends include the behavior of the steel beams and 
design fire curves during the heating and cooling phase, the maximum temperature 
achieved by the steel beams and the time to reach this maximum temperature and the 
presence of delay time in the published data versus the design fire cures.  The trends 
found from the Cardington data will be discussed first. 
5.1.1 Heating Phase 
 
 One of the biggest dissimilarities in the behavior observed in the Cardington 
test data and the calculated performance was the time-temperature curves for the 
beams during the heating phase of the fires.  It was found that with the design fires 
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selected to use for numerical analyses, it was very difficult to predict the heating 
phase of the beams as most beams from the Cardington tests were heating up at a 
much slower rate than the calculations predicted. 
 Cardington Test 1, consisting of one primary beam displayed in Table 11, 
showed that the beam reached its maximum temperature around 160 minutes, a much 
longer time than any of the design fires would have predicted.  When calculations 
were completed using the standard temperature curves from the Eurocodes, it can be 
seen that the temperatures achieved by the [305x165 (40 kg/m)] exceeded the 
temperatures recorded during the Cardington tests at 5 minutes.  When compared to a 
parametric curve representing a longer duration, lower intensity fire, the calculated 
temperatures exceeded the recorded temperatures almost instantly.   
 The shape of these graphs must also be analyzed to possibly develop 
additional fire curves which more precisely predict the beam temperatures.  While it 
is clear that the temperatures predicted by calculation methods are much higher than 
the recorded, it can also be seen that the shape of the graph produced by the standard 
temperature curves has a very similar shape to the recorded data from 0 to 100 
minutes.  The critical element that is missing from the standard fire curve predictions 
is the cooling phase of the fire.  However, when only the heating phase is looked at, 
the standard fire curves predict the general trend of the beam behavior, just at 
temperatures on average of 200 C higher. 
 This trend can be seen in most of the Cardington test data that was analyzed.  
Cardington test 2 shows the low correlation of the Swedish curves when used in 
calculation.  One of the major benefits to the Swedish curves is the variety of 
maximum temperatures that they represent.  Through calculations it was possible to 
find a curve with a fuel load and opening factor that would predict a similar 
maximum temperature as the beams in the second test.  However, the maximum 
temperature of approximately 690 C achieved by the bottom flange of the beam in the 
Cardington test occurred 100 minutes later than the calculated value.  There was no 
Swedish Curve that would predict a maximum temperature at 150 minutes as 
recorded in the Cardington test.   
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 A design fire that was able to predict the heating phase of many of the beams 
much more closely was the BFD curves.  When the maximum temperature and time 
to maximum temperature are known, as with the Cardington tests, the BFD curves do 
the best job in predicting the heating phases of the beams.  However, this design fire 
is most effective only when the key input parameters are known. 
 A unique component to the Cardington data for the beam temperatures was 
the location of thermocouples along the beam.  A set of data for the bottom flange, 
web and upper flange was selected for comparison for each beam.  This gave more 
insight into the temperature profile of various locations throughout the beam, when 
supporting a concrete slab, as a traditional floor system would in an office layout.  
The Cardington tests show that different sections of the wide flange beams do indeed 
heat up at different rates during the fires.  The Excel calculations were based on the 
assumption that the steel beams were a uniform temperature throughout and that no 
temperature gradient was present.  Comparing one calculation of steel temperature to 
three sets of data for one beam also shows the variation in temperature that the 
calculated data provides.    
 The steel temperature for the Edge beam of Cardington Test 2 is a strong 
example of this variation of temperature in the beam and its relation to the calculated 
temperature.  When the steel temperature for the [356x171(51 kg/m)] edge beam was 
calculated using a BFD curve with a maximum temperature of 680 C and a time to 
maximum temperature of 150 minutes, it can be seen that the values are lower than 
what is recorded until 60 minutes when the calculated values exceed the recorded 
values at the upper flange, 80 minutes when the values exceed those of the web, and 
110 minutes when the calculated values exceed the recorded temperatures at the 
lower flange.  This test is also a critical example to show the difference in 
temperatures achieved by the various sections of beams.  The maximum temperature 
achieved by the upper flange of this beam was only about 580 C as compared to a 
temperature of nearly 650 C achieved by the lower flange.   There was no design fire 
that predicted the heating phase of one section of the beam.   
5.1.2 Cooling Phase 
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 Another critical component to simulating the behavior of the Cardington 
beams was the cooling phase.  While the heating phase of the compartment fire is 
clearly significant to the behavior of steel beams, engineers must also place equal 
importance on the cooling phase of the fire as the mechanical and thermal properties 
of the members are still affected after a fire reaches its maximum temperature.  
Structural failure can often occur after a fire has reached its maximum temperature as 
the beams continue to lose their load bearing capacity.   
 One of the first trends discovered from the behavior of the Cardington tests 
was the convergence of the beam section temperatures (bottom flange, web, upper 
flange) during the cooling phase.  From Figure 45 it can be seen that the temperature 
divergence between the three thermocouples is upwards of 100 degrees C between the 
upper and lower flange.   Once the cooling phase begins, the three sections of the 
beam have recorded temperatures with a lesser difference in temperature and behave 
more uniformly throughout the beam.  This trend of diverging temperatures during 
the heating phase and converging temperatures during the cooling phase can also be 
seen with the Test 2 Primary, Test 2 Edge, Test 3 Primary, Test 4 Primary and Test 4 
Secondary, all of which can be seen in the corresponding graphs in Chapter 4.  Once 
again, a copy of all the time-temperature curves from the selected Cardington tests 
can be found in Appendix G 
 This convergence of temperature between the upper flange, lower flange and 
web sections also has an effect on the mechanical and thermal properties for the beam.  
Looking at the graphs produced for yield strength, elastic modulus and load carrying 
capacity, if the beam did not fail before the cooling phase, it will begin to regain its 
yield strength, elastic modulus and load carrying capacity in a uniform manner as it 
decreases in temperature.   
 When comparing the published data from the Cardington tests to calculated 
data from the various design fire curves, the correlations were stronger for the cooling 
phase than the heating phase.  Clearly, an engineer cannot use the standard fire curves 
when analyzing the behavior of steel beams during the cooling phase, so these 
comparisons focused on the parametric fires that took into consideration the behavior 
of beams after they achieve their maximum temperature.   
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 While the BFD parametric curves resulted in strong correlations between the 
recorded data and the calculations, it did not prove to predict the decrease in 
temperature of the beams as accurately as the Swedish Curves.  Figure 45 shows that 
the BFD curve resulting from that test does not result in temperatures that cool down 
as rapidly as the recorded data.  This can also be seen in Figure 46 of the Edge Beam 
from Test 2.  However, when the BFD curves were compared with the third 
Cardington tests in Figure 48 the calculations provided a correlation of .88 taking into 
consideration both the heating and the cooling phase.  The graphs shows that the BFD 
curves predict a decrease in temperature overlaying the Cardington data.  
 The design fire curves that provided the most accurate prediction of steel 
beam temperatures during the cooling phase were the Swedish fire curves.  Figure 49 
shows a comparison of the recorded data for the primary beam from Cardington Test 
4 to two calculations using the Swedish curves with an opening factor of .08 and .04 
and a ‘medium’ fuel load.  While the calculated values for this particular graph do not 
correlate strongly with the published values, the shapes of the graphs that were 
produced were very similar for both the heating and the cooling phase.  This is 
something that has not been achieved by any other fire curve used in calculation up to 
this point in the work.     
5.1.3 Delay (Lag) Time 
 
 One trend discovered from the results that was not considered by any design 
fire curve was the concept of lag time.  The results from Cardington Test 3 and Test 4 
best display the concept of lag time.  The steel time temperature graphs produced 
from these tests show that the tested beams do not begin to significantly increase in 
temperature until t = 15 minutes on average.  At this time, the steel temperatures are 
greater than 150 C.  The lag time, also referred to as delay time affects the entire 
predicted behavior of the beams.  With the addition of a 15 minute delay time to the 
calculations that were done, one can see that the correlations between the calculations 
and the published data increased tremendously.   
 The discovery of the delay time in Test 3 and Test 4 (both of which display 
this trend much clearer than Test 1 and Test 2) demonstrated that the original goals 
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and purposes of these tests must be reexamined to determine why the delay time was 
present in these tests more so than the first two.  It must be reiterated that the purpose 
of Test 3 and Test 4 of the Cardington tests were to “Evaluate the behavior of a 
complete floor system with emphasis on membrane action” and “Demonstrate 
important conclusions reached in the earlier studies in a more realistic fire scenario 
while evaluating other aspects of structural behavior not previously addressed”83.  Of 
the 4 tests evaluated these were the largest in magnitude and results and provide for 
global behavior of structural systems in a natural fire environment.  It must be 
recommended that the delay time resulting from these comparisons be considered 
during most structural design scenarios as they will most likely represent the 3-D 
Corner test and mock Office fire provided by these Cardington tests.   
 
5.2 Affects of Changing Parameters on US Office Layout 
 
 The comparisons made with the Cardington fire tests were intended to provide 
correlations between data from a full-scale natural fire test to calculations 
representative in compartment characteristics and beam size.  The only parameters 
that were altered in these comparisons were ones to replicate the Cardington fire test 
scenarios.  In order to visualize the affects of varying parameters and compartment 
characteristics on structural fire design, additional comparisons were completed using 
a US Office layout and five selected areas from the design.  These comparisons 
emphasized the difference in results when parameters were varied such as design fires, 
beam length, beam size, fuel load, and opening factor.   
5.2.1 Generation of Design Fire Curves, Parametric Fires 
 
 As quoted by Petterson “The design fire load density, the fire compartment 
characteristics, and the fire extinguishment systems constitute the basis for the 
determination of the design fire exposure, given as the gas temperature-time curve T-t 
of the fully developed compartment fire.”  In order to represent a variety of fire 
exposures on the five office compartments, several input parameters for the 
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parametric fire curves were changed for each comparison that was summarized in 
Chapter 3.  These parameters are displayed in Table 41. 
 
Table 40:  Design Fire Curve Variables 
Design Fire Curve Variables 
Swedish Curves Opening (Ventilation 
Factor), Fuel Load 
BFD Curves Maximum temperature, 
time to maximum 
temperature, shape factor 
CFAST Computer Fires Ventilation Factor, Fuel 
Load 
CE 534 Parametric Maximum Temperature 
 
 
 The development of results for the parametric fire curve exposures in the 
exterior, corner, lobby and ‘other’ compartments presented several trends in behavior.  
The variables that have the greatest impact on the calculated results are the ventilation 
factor and the fuel load which can be defined by the Swedish curves.  The larger the 
ventilation factor and the amount of openings in the compartment, the higher the 
maximum temperature and intensity of the fire.  The higher the maximum 
temperatures and intensity of the fire, the more rapidly the yield strength, elastic 
modulus and load carrying capacity will decrease.   
 The fuel load also had a significant impact on the behavior of the beams.  
Following a similar trend as the ventilation factor, the larger the fuel load, the higher 
the maximum temperature achieved during the fire exposure.  One trend that must be 
recognized is how rapidly a beam reaches its maximum temperature.  Fires such as 
the short duration, higher intensity curve from CE 534, the Swedish curves with high 
ventilation factors and fuel loads, and the BFD curves, exposed members can achieve 
their maximum temperatures very quickly.  This can have a dramatic effect on the 
yield strength, elastic modulus and load carrying capacity.  If a beam increases in 
temperature too rapidly, it can create excess stresses and moments on the beam 
leading to a failure at an earlier time than if a beam achieved the same maximum 
temperature at a slower rate. 
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5.2.2 Comparisons of Standard Fire Curve Results 
 
 The standard fire curves, such as the ASTM E119 or Eurocode fires differ 
from the parametric fires in that they are represented by one equation for the entire 
fire duration, consisting of a constant heat exposure.  There are no input parameters 
when defining the behavior of the fire, but there are variables when calculating the 
mechanical behavior of the beam.  There variables are the beam size, section 
properties, beam loading, and beam length.  Each affects the values for yield strength, 
elastic modulus and the load carrying capacity.  The resulting comparisons showed 
the differences in results of various beam sizes exposed to the same standard fire, or a 
single beam size exposed to a variety of standard fire curves.   
 Test 1 of the office fire was analyzed using the standard fire curves.  Exposing 
a steel beam to the standard fire curve provided constantly increasing temperatures 
and did not accommodate for the behavior of a beam during the cooling phase of the 
fire, an unrealistic approach when trying to understand the behavior of a steel beam 
for the full duration of an actual fire.  All beams that were exposed to a standard 
curve did achieve failure.  An important design parameter to recognize with the 
development of steel temperatures curves for the standard fire exposure is the beam 
length for the interior compartment.  All beams that were tested were 30’, as taken 
from the office plan.  Beams of this length provide large end moments and a rapid 
reduction in both the yield strength and elastic modulus, therefore leading to a shorter 
time to failure.  The intensity of the standard fire curve, not fully representative of a 
natural fire as the fires that existed in the Cardington tests, often provide for an early 
failure of the beams.   
 The standard fire curves proved the general trends that were assumed in this 
project from previous course work.  When variables were altered, such as beam size 
and beam length, the general trend was that the smaller the beam (weight, depth, or 
length), the greater the maximum temperature achieved.  Because the smaller beams 
achieved the higher temperatures they were more likely to have a higher rate of 
reduction of yield strength, elastic modulus, and ultimately fail sooner than the large 
beams.   
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 The development of comparisons between published, natural fire data and 
numerical analyses of simulated office compartments provided many trends in 
behavior of steel beams under fire condition.  The trends that were observed during 
the Cardington analyses can then be taken into consideration when applying the 
techniques to a design where no published data is available.  Further discussion into 
the final conclusions and future work is contained in the next chapter. 
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Chapter 6 – Conclusions 
 
 The design comparisons and analyses that were completed for this thesis 
provided for an overall understanding of the structural fire engineering process 
through application and comparisons of the various codes, standards, design 
parameters and guidelines that to contribute the practice of performance-based 
structural fire protection in the industry today.   
 The general conclusion that can be made from this work is at this stage of 
research in structural fire engineering, the behavior (temperature, strength, failure) of 
a structural steel beam in natural fire conditions cannot be fully predicted by the 
calculated methods provided in the literature.  The initial comparisons that were 
formed from the Cardington test temperature data and the numerical analyses clearly 
show a disconnection between the two sets of data.   
 In addition, from the comparisons that were developed, it was found that the 
Swedish fire curves most accurately predict the temperature of a steel beam under 
equivalent fire conditions such as opening factor, fuel load and beam length.  
Predicting the temperature behavior of these beams is critical because with inaccurate 
results for the steel temperature, all other values (yield strength, elastic modulus, and 
load carrying capacity) become less credible, as they are all calculated from the steel 
temperature of the beam at a specific time step during the fire.   
 This thesis also provided insight into office layouts in the UK (Cardington) 
and the US.  The office layout used at Cardington provided a simple design common 
to many office buildings both in the UK and the US.  The office layout that was 
provided as an example of a US office design showed that office buildings can be far 
more complex than others.  Engineers must look at all parameters and characteristics 
of buildings before generalizing the results of a structural or fire design.   
 Further examination into the works of the Swedish Design Manual emphasize 
that for load-bearing structures or structural members, decisive entrance quantities are 
the combustion properties of the fire load, the size and geometry of the fire 
compartment, the ventilation characteristics of the fire compartment, and the thermal 
properties of the structures enclosing the fire compartment. []  For an office layout 
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this also includes identifying the use of the compartment (lobby, corridor, office) and 
the probable live load and other components likely to be found in the compartment 
such as furnishings and accessories.  
 
6.1 Benefits of the Time-Temperature Excel Tool 
 
 One of the most beneficial outcomes of this project was the Excel tool that 
was developed to quickly and efficiently generate the design comparisons and 
calculate the thermal and mechanical behavior of the various steel beams that were 
used throughout this project.  There was a point in the work where emphasis was 
placed on this tool as the central resource for the comparisons, analyses, and 
calculations.  Throughout the project, the tool evolved into a compilation of graphs, 
spreadsheet calculations, and data entry.  For the purpose of this project it was 
expanded to present the many comparisons that were created and the variety of 
parameters that were varied to complete the work.  It is hope that this can tool can be 
further developed as a user-friendly resource for an engineer looking to rapidly 
calculate the steel temperature, yield strength, elastic modulus, and load capacity ratio 
of a designated beam for a given structural layout as well as provide comparisons of 
varying compartment characteristics, design parameters and design fires, as well as 
their effects on the structural fire engineering process.  This tool also allows engineers 
to follow the structural fire engineering processes presented in this report from first 
step to last by testing initial structural designs, evaluating their performance, and 
making necessary changes to the design for it to meet the desired outcome.   
 
6.2 Future Work 
 
 While the research into structural fire protection and engineering grows each 
day, there are still areas that require further development and understanding.  As this 
project came to completion, there were several voids in the finished work that have 
left doors open to future research into this area of structural fire engineering.  First 
researchers must look at the effects of temperature depended thermal properties on 
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the behavior of structural steel members in fire.  For example, the values for 
emissivity and specific heat of steel must be a reflection of the temperature.  As this 
project was an initial step, constant values were used throughout for the calculations.  
The temperature-dependent effects of these properties on the resulting steel 
temperature must be researched.  In addition to using temperature-dependent values 
for the structural steel properties, future work in this area can be extended to include 
comparing the values of these properties as well as the calculated results of yield 
strength, elastic modulus, and load carrying capacity at equivalent temperatures 
during both the heating and cooling phase of the fire exposure.  For example, how 
does the yield strength when a beam is at 550 C compare when 550 C is in the heating 
phase and when the beam reaches 550 C in the cooling phase? 
 Next, there must be a re-evaluation of the standard fire resistance test and its 
overall purpose and use in structural fire engineering.  Deficiencies and weaknesses 
of the test have already been identified but further work must be done to ensure that 
the fire is representative of natural fire conditions and the construction is 
representative of actual structural systems and can be replicated in future fire tests. 
 Another area of work that can branch from this thesis is the behavior of 
columns and the use of design fires to analyze column behavior.  This should include 
determining the differences in behavior if the same design fire scenario is used for a 
beam and for a column.  Much less is known about the behavior of steel columns 
under fire conditions but as this report has done, work should be done to compare the 
behavior of columns under natural fire conditions to the predicted behavior from 
numerical analytical methods.   
 All areas of future work that have come from this project lead to one central   
recommendation for future work.  This is to further develop the Excel tool that was 
created from this thesis to be used by structural fire engineers.  Without this tool this 
report could not have been completed so it will be of great use to other engineers in 
this field.  With more time it can be developed into a tool that by simply selecting a 
beam size and design fire, an engineer can determine the steel temperature of the 
beam, its yield strength, and elastic modulus.  By further input of the loading on the 
beam, dead and live, as well as the beam span, beam length the load carrying capacity 
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can be calculated for various live load scenarios (0%, 50%, 100%).  With a better 
understanding of the behavior of structural steel members in a full-scale natural fire 
test, such as the ones that were carried out at the Cardington test facilities in the 
United Kingdom and the continuation to test steel members, systems, and entire 
frames to provide additional data on their behavior, engineers can better predict the 
behavior of steel structures under fire conditions. 
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2002)
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hodics in the field of the Construction Product Directive (CONSTRUCT 00/421
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Part 1: General
1.1 Aims and benefits oflbe Eurocode programme
1.1.1. The Eurocodes provide common design methods, expressed in a set of Europeal1
stal1dards, which are intended to be used as reference documents for Member States
to:
prove the compliance of building and civil engineering works or parts thereofwith
Essential Requirement nO I Mechanical resistance and stability (including such
aspects of Essel1tial Requirement n 4 Safety in use, which relate to mechanical
resistance and stability) and a part of Essential Requirement n 2 Safety in case of
fire, including durability, as defined in Annex I of the CPD
express in technical terms , these Essel1tial Requirements applicable to the works
al1d parts thereof;
determine the performance of structural components and kits with regard to
mechanical resistance al1d stability and resistance to fIfe, insofar as it is pari of the
information accompanying CE marking (e.g. declared values).
1.1.2. EN Eurocodes are intended by the European Commission services , and the Member
States, to become the European recommended means for the structural design of
works al1d parts thereof, to facilitate the exchange of construction services
(construction works and related engineering services) and to improve the functioning
of the internal market.
111 approving the mal1date to CEN to prepare the EN Eurocodes, Member States have
recogl1ised Eurocodes as an acceptable means to achieve these aims and to prove
compliance of construction works with the respective Essential requirements, in their
territory. However, following the spirit of the new approach, Members States may
recognise also other means as being acceptable for these purposes (see 2. J. 7).
The Commission expects CEN to publish all of the standards' constituting the
different parts of the EN Eurocodes, and expects the Member States to implement
these standards as an acceptable means for the design of works , ill their territory.
I At present the program conlains 58 Parts
I. 1.3
1.2
1.2.
1.2.
1.2.4.
The intel1ded benefits al1d opportunities ofEurocodes are to:
provide common desigl1 criteria al1d methods to fulfil the specified requirements
for mechanical resistance, stability al1d resistance to fire, including aspects of
durability and economy,
provide a common understal1ding regardil1g the design of structures between
owners, operators and users, desigl1ers, contractors and manufacturers of
constructiol1 products
facilitate the exchal1ge of construction services between Members States
facilitate the marketing al1d use of structural components and kits ill Members
States
facilitate the marketing and use of materials and constituent products, the
properties of which enter il1to design calculations, in Members States
be a common basis for research and development, in the construction sector
allow the preparation of com moil design aids and software
increase the competitiveness of the European civil engineeril1g firms, contractors
designers and product manufacturers in their world-wide activities.
Background of the Eurocode programme
In 1975, the Commission of the European Community decided on all action
programme in the field of construction based on article 95 of the Treaty. The
objective of the programme was the elimination of technical obstacles to trade and the
harmonisation of technical specifications.
Within this action programme, the Commission took the initiative to establish a set of
harmonised technical rules for the structural design of construction works which, in
the first stage , would serve as an alternative to the national rules in force in the
Member States and, ultimately, would replace them.
For fifteen years, the Commission, with the help of a Steering Committee containil1g
Representatives of Member States, conducted the development of the Eurocodes
programme, which led to the publication of a set offtrst generation European codes in
the 80'
In 1989, the Commission and the Member States decided, on the basis of an
agreement with CEN' , el1dorsed by the SCC, to transfer the preparation and the
2 Agreemenl between Ihe Commission of the European Communities and the European CommiUee for
Standardisalion (CEN) concerning the work on EUROCODES for Ihe design of building and civil
engineering works (CONSTRUCT 89/019).
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1.2.
publication of the Eurocodes to CEN through a Mandate, in order that they would , in
the future , have the status of European Standards.
Note: This links the Eurocodes lVith the provisions of the Council's Directives and Commission
Decisions dealing with European standards (e.g. tire CPD and Public Procurement Directives
initiated to assis/ with selling up tire internal markel).
Originally, the Eurocodes were elaborated by CEN as 62 pre-standards (ENVs). Most
were published between 1992 and 1998, but, due to difficulties ill harmol1izing all the
aspects of the calculation methods, the ENV Eurocodes included "boxed values
which allowed Members States to chose other values for use on their territory.
National Application Documents, which gave the details of how to apply ENV
Eurocodes in Member States, were, generally, issued with a country s ENV.
The conversion ofENVs into European standards started in 1998. Publication of the
EN Eurocode Parts is expected between 2002 and 2006.
The Eurocodes, insofar as they concern construction works, have direct relationship
with Interpretative Documents , referred to in Article 12 of the CPD'- Therefore
technical aspects arisil1g ITom the Eurocodes have to be taken into account by CEN
Technical Committees , EOTA Working Groups and EOTA Bodies working on
product specifications, with a view to achieving full compatibility between the product
specifications and the EN Eurocodes.
The European Commission has supported, ITom the beginning, the elaboration of
Eurocodes , and contributed to the funding of their draftil1g. 11 continues to support
the task mandated to CEN to achieve the publication of EN Eurocodes. 11 will watch
the implementation and use of the EN Eurocodes in the Member States.
J According to Arl. 3. 3 of the CPD, the essential requiremenls (ERs) shall be given eonerete form in
inlerpretative documents Cor the ereation oCthe neeessary links between the essential requiremenls and the
mandates Cor hENs and ETAs.
4 Aecording to Arl. 12 of the CPD Ihe interpretative doeuments shall:
aJ give conerete Corm 10 Ihe essential requiremenls by harmonising the terminology and the teehnieal bases
and indieating eJasses or levels for each requiremenl where neeessary;
b) indicate methods oC eorrelating these eJasses or levels of requirement with the teehnieal speeificalions , e.
methods oC ealeulation and of proof, technical rules for projeet design , ete.
eJ serve as a referenee for Ihe establishment oC harmonised standards and guidelines for European teehnical
approval.
The Euroeodes, de facto playa similar role in Ihe field oCthe ER I and a part DfER 2.
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Objectives of the Guidance Paper
This Guidal1ce Paper expresses, with the view of achieving the aims al1d benefits of
the Eurocode programme mentioned in 1. , the commOI1 ul1derstal1ding of the
Commission and the Member States on:
The application of EN Eurocodes in the structural design of works (chapter 2).
The use of EN Eurocodes in harmonised standards and European technical
approvals for structural constructiol1 products (chapter 3). A distinctiol1 is made
between:
- products with properties which enter into structural calculatiol1s of works , or
otherwise relate to their mechanical resistal1ce and stability, il1c1uding aspects of
durability and serviceability, and which for this reason should be consistent with
the assumptions and provisions made in the EN Eurocodes ("structural
materials" are the most concerned - see chapter 3.
- products with properties which can directly be determined by methods used for
the structural design of works, and thus should be determined according to the
EN Eurocode methods (prefabricated "structural components and kits" are the
most concerned - see chapter 3.3).
The objectives of this document are to:
Give guidance on the elaboration, implementation and use of the EN Eurocodes
Provide, for the writers of EN Eurocodes, the ITamework in which they will
elaborate or fmalise the EN Eurocodes on the basis of the existing ENV
Eurocodes
Provide, for the writers of product specifications, the ITamework in which they
will make reference to incorporate, or to take into account, the EN Eurocode
Parts in harmonised standards and European technical approvals for structural
products as explail1ed ill 1.3.
Allow for the inclusion in EN Eurocodes and ill technical specifications for
structural products the necessary parameters or classes or allowance for levels to
enable the Member States to choose the level of safety, durability and economy
applicable to construction works, in their territory,
Provide to Member States and the authorities concerned the elements needed to
prepare public contracts , in respect of the Public Procurement Directive
This Guidance Paper considers all the issues and conditions related to the satisfactory
implemel1tation of the EN Eurocodes, as well as their links to the implementation of
the CPO.
This Guidance Paper is intended for el1forcement authorities, regulators, l1ational
standards bodies, technical specificatiol1 writers, notified bodies al1d industry.
1.3. In the context of this Guidance Paper, references to Member States also apply to the
European Free Trade Association (EFTA) States, members of the European
Economic Area EEA. References to specification writers apply to CEN and
CENELEC as well as to EaT A and the EOT A bodies issuing ETAs.
Part 2:
Use of EN Eurocodes for structural design of works
National Provisions for the structural design of works
1.1. The determination of/he levels of safety' of buildings and civil el1gineering works and
parts thereof, including aspects of durability and economy", is, and remains, within the
competence of the Member States.
1.2. Possible differences ill geographical or climatic conditions (e.g. wind or snow), or in
ways of life, as well as different levels of protection that may prevail at national
regional or local level in the sense of article 3.2 of the CPD7, will be taken into
account, in accordance with Guidance Paper E, by providing choices in the EN
Eurocodes for identified values , classes , or alternative methods , to be determined
at the national level (named Nationally Determined Parameters). Thus allowing the
Member States to choose the level of safety, including aspects of durability and
economy, applicable to works in their territory.
5 The word safety is encompassed in the Eurocodes in the word reliability
6 The introductory provisions of Annex J ofthe CPD lay down; The products must be suitable for construction
works which (as a IVhole and in Ilreir separate pares) are fit for their intended use . account being laken of
ecollomy, and in this connection satisfY the following essential requirements where the works are subjecl
to regulations containing suclr requirements. Such requirements must, subject 10 normal maintenance, be
satisfied for an economically reasonable working life. The requirements generally concern actions whiclr
are foreseeable. " Aspects of economy include aspecls of serviceability.
7 Arlicle 3.2 of Ihe CPD says that Jar each essenlial requirement classes may be established in the interpretative
documents and Ihe technical specifications (hENs and ETAs) in order to take account of possible
differences in geographical or climatic condilions or in w/(Ys of life as well as different levels ofprotectioll
Ihal m/(Y prevail at national. regional or local level" This applies to the Eurocodes in so far as they give
concrete form to ER I and a part ofER 2.
Choices about values will be made where symbols are given in the EN Eurocodcs in order 10 identiJy a
value 10 be determined nationally
9 Generally, the classes 10 be envisaged should have the status of teclrnical classes in the sense of guidance
paper E (see articles 4. , 4.3 and 4.4 of the Guidance paper). Regulatory classes should only be
envisaged in cases in which this is necessary 10 ensure full implemenlalion in Ihe Member Stales.
10 Choices about me/hods will be made where ahemative methods of calculation are included in the EN
Eurocodes which are identified to be chosen nationally
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When Member States lay dowl1 their Natiol1ally Determined Parameters, they should:
- choose ITom the classes included in the EN Eurocodes, or
- use the recommended value, or choose a value within the recommended range of
values, for a symbol where the EN Eurocodes make a recommendation I " or
- when alternative methods are given, use the recommended method, where the EN
Eurocodes make a recommel1dation
- take into account the need for coherence of the Nationally Determined Parameters
laid down for the different EN Eurocodes and the various Parts thereof
Member States are encouraged to co-operate to mil1imise the number of cases where
recommendations for a value or method are not adopted for their nationally
determined parameters. By choosing the same values and methods, the Member
States will el1hance the benefits listed in 1.
The Nationally Determined Parameters laid down ill a Member State should be made
clearly known to the users of the EN Eurocodes and other parties concerned
includil1g mal1ufacturers.
When the EN Eurocodes are used for the design of construction works, or parts
thereof, the Nationally Determined Parameters of the Member State on whose
territory the works are located shall be applied.
Note: Any reference to a EN Eurocode design should include Ihe information on wlriclr set of
Nationally Determined Parameters was used. whetlrer or 1101 the Nationally Determined Parameters
Ihatwere used correspond to tire recommendations given in /he EN Eurocodes (see 2. 3).
National Provisions should avoid replacing any EN Eurocode provisions, e.
Application Rules, by national rules (codes, standards, regulatory provisions, etc.
When, however, National Provisions do provide that the designer may - evel1 after
the end of the coexistence period - deviate ITom or not apply the EN Eurocodes or
certain provisiol1s thereof (e.g. Application Rules), then the desigl1 will not be called
a desigl1 according to EN Eurocodes
When Eurocode Parts are published as European standards , they will become part of
the application of the Public Procurement Directive.
In all cases, technical specifications shall be formulated in public tender enquiries and
public contracts by referring to EN Eurocodes, ill combination with the Natiol1ally
Determined Parameters applicable to the works concerned, apart ITom the exceptions
expressed in article 10.3 (Directive 93/37 , article 10.2).
II see EN 1991- 1 - foreword - Nalional slandards implementing EN Eurocodes
However, ill application of the PPD, and following the spirit of the New Approach
the reference to EN Eurocodes is not necessarily the only possible reference allowed
in a Public contract.. The PPD foresees the possibility for the procuril1g el1tity to
accept other proposals, iftheir equivalence to the EN Eurocodes can be demonstrated
by the col1tractor.
Consequently, the design of works proposed in response to a Public tender can be
prepared according to:
- EN Eurocodes (including NDPs), which give a presumption of conformity with all
legal European requirements concerning mechanical resistance and stability, fife
resistance and durability, in compliance with the technical specifications required in
the contract for the works concerned;
- Other provisions expressing the required technical specification in terms of
performance. In this case, the technical specification should be detailed enough to
allow tenderers to know the conditions on which the offer can be made and the
owner to choose the preferred offer. This applies, in particular, to the use of
national codes, as long as Member States maintain their use in parallel with EN
Eurocodes (e. g. a Desigl1 Code provided by National Provisions), if also specified
to be acceptable as an alternative to an EN Eurocode Part by the Public tender.
Indications to writers of EN Eurocodes
When preparing the EN Eurocodes for the desigl1 and execution of works
CEN/TC 250 shall provide for Natiol1al choices as relevant, in accordance with 2.
When converting the ENV Eurocodes into EN Eurocodes:
- "
Boxed values" which do not relate to safety levels and differences referred to in
2 should be transformed into unique values.
Boxed values" which relate to safety levels and differences referred to in 2.
should be replaced by Nationally Determined Parameters. Where relevant, the
possible range for these Parameters should be given for information. "Boxed
values" which have an influence on the level of serviceability or durability should
be treated as Nationally Determined Parameters.
Note : Tlris request satisfies tire requiremen/ of the Mandale to eliminate tire "boxed values " or
wlrere necessary, to transform Ihem inlo classes.
The EN Eurocodes should be formulated ill such a way that they can easily be
referred to in hENs, ETAGs and ETAs for construction products , in particular those
for structural components and kits. Therefore, reference in EN Eurocodes to other
standards should only be made when, al1d as far as is necessary, technical criteria are
to be defined; the references should be unambiguous. In order to prevent ambiguity,
the normative text should not contain "open el1ds" or allow differel1t il1terpretations.
General references should be avoided.
2.4. Where EN Eurocodes give technical classes or threshold values (in the sense of
Guidance Paper E), it should be made clear that these classes or threshold values are
applicable ol1ly to the design of works. They may not be relevant for harmonised
specifications for structural components or kits, which must have the possibility to
include other classes or threshold values, as appropriate, such as those that have been
used up to now, for structural components legally placed on the market"
The EN Eurocodes should be formulated in such a way that the reader of the ENs will
be aware that, by defil1ition, desigl1 "according to the EN Eurocodes" means
compliance with all of the EN Eurocodes provisiol1s, i.e. Principles and Application
Rules, together with the respective Nationally Determined Parameters.
Note: Providing the possibiliTy of deviating from, or /lot app(vi/lg lire EN Eurocodes or certaill
provisions thereof (e.g. Applicalion Rules) is no/ a mailer /0 deal witlr in Ihe EN Eurocodes
Ihemselves, but only for the Nalional Provisions implemenling /hem (see 2. 6).
The EN Eurocodes should be formulated in such a way that a proper distinctiol1 is
made between calculation methods and administrative provisions on which the
National Annex can give information.
In order to improve the transparency and the applicability of the Eurocodes system
each EN Eurocode Part shall include the full list of the symbols, classes or methods
for which a choice or determination at national level is possible (NDPs - see 2.3.3).
No delay or objectiol1 should be caused as a result of including fundamental changes
or new rules, during the conversion ITom the ENV to EN , in fields ill which there is
, or not sufficient, practical experience in Member States.
References in an EN Eurocode Part to other Parts should , where possible, be made
only to the EN version of those parts.
10. When specnying materials and constituent products ill EN Eurocodes, CEN/TC 250
shall take account of the following:
Materials and constituent products with properties which enter into the calculation
of structures (e.g. by characteristic values), or otherwise relate to the mechanical
resistance and stability and/or fire resistance of the works, including aspects of
their durability, should be specified in EN Eurocodes by reference to the respective
product hENs, or ETAs. If all hEN or ETA is not yet available or is not foreseen
see footnote 30 and 34.
- For the transitional period duril1g which hENs or ETAs for materials or constituent
products are not available or are not binding (i. e. during the co-existence period),
EN Eurocodes should, as far as practicable, give, in an informative part
information regarding the properties of materials and constituent products
" This applies e.g. to the concrete cover to reinforcing steel which . according to existing nalional rules for pre-
casl concrete components , may be less Ihan Ihe minimum concrete cover for in situ works according to EN
Eurocodes
necessary for the structural desigl1 of works, according to the EN Eurocodes, and
they should state that the respective material and constituent product specifications
may be subject to the National Provisions of the Member State in which the works
are locatedt3
National Annexes oCthe EN Eurocode Paris
2.3. When a Eurocode Part is circulated by CEN for publication as an EN, the final text of
the approved EN , according to CEN rules , is made available by CEN Mal1agement
Centre to CEN members (the NSBs) in the 3 officiallal1guages (English, French and
German)"
Each NSB shall implement this EN as a national stal1dard by publication of an
equivalent text (i.e. a version translated il1to another language) or by endorsement of
one of the 3 language versions provided by CEN Management Centre (by attaching an
endorsement sheet"), withil1 the timescale agreed for publication.
The National standard transposing the EN Eurocode Part, when published by a
National Stal1dards Body (NSB), will be composed ofthe EN Eurocode text (which
may be preceded by a National title page al1d by a National Foreword), generally
followed by a National Annex.
2.3. The National Standards Bodies should normally publish a National Annex, on behalf
of and with the agreement of the national competent authorities.
A National Allnex is l1ot necessary if an EN Eurocode Part contains no choice open
for Nationally Determined Parameters, or if an EN Eurocode Part is not relevant for
the Member State (e.g. seismic design for some countries).
National Annex is neither necessary if a Member State has adopted the
recommended values provided in an EN Eurocode part as Nationally Determined
Parameters applicable in its territory. Information, for instance in the foreword of the
EN Eurocode part concerned, indicating that the recommended values are applicable
should be sufficient in such a case.
Note: As stated by the CEN Rules, the National Annex is not a CEN requirement (a
NSB can publish an EN Eurocode Part without one). However, in the context of this
Guidance Paper, the Natiol1al Annex serves for NSBs to publish the Nationally
Determined Parameters, which will be essential for design.
13 For as long as references to the respective hEN has not been published in the Official Journal of the
European Communities or the letter from Ihe Commission informing Member Slates on the endorsemenl of
the respeclive ETA Guideline has nol been sent 10 Member States and its period of coexistence has not yet
ended (for further information see Guidance Paper J).
14 This step correspond to the DA V - Date of Availability
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The National Annex may contail1 , directly or by reference to specific provisions
information on those parameters which are left open in the Eurocodes for national
choice, the Nationally Determil1ed Parameters , to be used for the design of buildil1gs
and civil engil1eering works to be constructed in the COUl1try concerned , i.
- values and/or classes where alternatives are givel1 in the EN Eurocode
- values to be used where a symbol only is given ill the EN Eurocode
- country specific data (geographical, climatic , etc. ), e.g. a snow map,
- the procedure to be used where alternative procedures are given in the EN
Eurocode
It may also contain the following:
decisions on the application of informative al1nexes, and
reference to non-contradictory complemel1tary il1formation to assist the user in
applying the Eurocode.
A National Annex cannot change or modifY the content of the EN Eurocode text in
any way other than where it indicates that national choices may be made by means of
Nationally Determined Parameters.
The National Annex of an EN Eurocode Part will normally be fil1alised when the
safety and economy levels have been considered , i.e. at the end of the period allocated
for the establishment ofthe Nationally Determined Parameters (see Annex A).
Ifa Member State does not choose any NDPs, the choice of the relevant values (e.
the recommended value), classes or alternative method will be the responsibility of the
designer, taking il1to account the conditions of the project and the National
provisions.
The National Annex has an informative status. The content of a National Annex can
be the basis for a national standard, via the NSB , al1d/or can be referred to in a
National Regulation.
National Annex may be provided by the NSBs attached to the body of the
corresponding EN Eurocode Part. But it has also to be kept accessible (sold)
separately /Tom the body of the EN Eurocodes Parts.
The National Annex can be amended, if necessary, according to CEN rules.
15 See EN 1990 and EN 1991 Part I- I - Foreword - National standards implementing Eurocodcs
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Packages of EN Eurocode Parts
The purpose of defining packages, by groupil1g Parts of EN Eurocode, is to enable a
common date of withdrawal (DOW)'6 for all ofthe releval1t parts that are needed for a
particular desigl1. Thus conflicting national stal1dards shall have been withdrawn at the
end of the coexistence period, after all of the EN Eurocodes of a package are
available, and National Provisions will have been adapted by the end of the National
Calibration period , as described ill Anl1ex A. Publication of the individual Parts in a
Package is likely to occur over a long period of time so that, for mal1Y Parts, the
coexistence period will be much longer than the minimum given in 2. 5. When a
National standard has a wider scope than the conflicting Eurocode Package, only that
part of the National standard whose scope is covered by the Package has to be
withdrawn.
When more than one package of EN Eurocodes is likely to be needed for the design
of works the dates of withdrawal of the related Packages can be synchronised.
No Parts trom EN 1990 or the EN 1991 , EN 1997 or EN 1998 series form a package
in themselves; those Parts are placed ill each of the Packages, as they are material
independent.
The list of the EN Eurocode Parts contained in the various Packages for each of the
main materials, i.e. concrete, steel, composite concrete and steel, timber, masonry and
aluminium, and their respective target dates, will be up dated and made available
through the CEN/MC web-site '7 (see Annex C which presents the packages as they
are currently foreseen)
2.5 Arrangements for the implementation of EN Eurocodes and period of co-
existence with national rules for the structural design of works
The arrangements for the implementation of an EN Eurocode Part include, trom the
time the fil1al draft" of the EN Eurocode is produced by the CENrrC250, five
periods:
Two periods before the date of availability (DA V):
Examination period.
CEN process period.
Three periods after the date of availability:
16 At the dale ofwilhdrawal related to a new slandard
. all the specifications existing previously in the National
colleclion ofslandards conflicting with the new standard have to be withdrawn and the national provisions
have to be adapted to alloll' the legitimate use of EN Emocodes
17 Address: hllp;/Iwmv.cenorm.be/sectors/conslruction/eurocode.htm
18 CEN/MC will communicate Ihis dale on ils web-site
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Translation period
National calibration period
Coexistel1ce period
The detailed content of each of the five periods is given in the table and chart in
Annex A.
The progress of each EN Eurocode (or package), within these periods, will be
provided by CEN/MC on their web-site.
The following basic requirements need to be fulfilled by the EN Eurocode Parts in
order to be referred to ill the national provisions:
Calculations executed on the basis of the Eurocode Part, in combil1ation with the
Nationally Detennined Parameters, shall provide an acceptable level of safety.
- The use of the EN Eurocode Part, in combination with the Nationally Determined
Parameters, does not lead to structures that cost significantly more, over their
working life , than those designed according to National standards or provisions
unless chal1ges in safety have been made and agreed.
The European Commission el1courages Member States to implement EN Eurocodes
in the ft-amework of their National Provisions. During the coexistence period, the
construction regulation authorities should accept the use of EN Eurocodes, as all
alternative to the previous rules (e.g. National codes, standards or other technical
rules included, or referred in national provisions) for the desigl1 of construction
works. Member States are also encouraged to adapt their national provisions to
withdraw conflicting national rules before the end ofthe co-existence period.
When an EN Eurocode Part is made available, the Member States should:
set officially, before the end of the Natiol1al calibration period (see Anl1ex A), the
Nationally Determined Parameters to be applied on their territory. In the event of
any unexpected obstacles to canying out the calibration of an EN Eurocode Part
the Member State shall inform the Commission, when an extension of the period
could be agreed by the SCc.
adapt, as far as necessary, their National Provisions so that the EN Eurocode Part
can be used on their territory:
- as a means to prove complial1ce of construction works with the national
requirements for "mechanical resistance and stability " al1d " resistance to fire , in
the sense of Annex I of the CPD, and
19 see Inlerprelative Document I
, clause 1.
- as a basis for specityil1g contracts for the execution of public construction works
and related el1gineeril1g services. If no NDPs are to be produced for an EN
Eurocode Part the co-existence period begil1s at DAY and ends at DoW. Thus
the EN Eurocode is available and any existing national standard is still available
so that both can be used duril1g this period.
At the end of the "coexistence period" of the last EN Eurocode Part of a Package, the
Member States should have adapted all their National Provisions which lay down (or
refer to) desigl1 rules within the scope of the relevant Package.
Owing to the need for operational Packages (as defined in 2.4), the reference to the
coexistence period of a Package is defined as the coexistence period of the last
Eurocode Part of that Package. In Member States intending to implement EN
Eurocodes , the coexistel1ce period of this last part should be three years. After the
three years coexistence period of the last EN Eurocode Part of a Package, the whole
Package-related former conflictil1g national standards will be withdrawn, i.e 5 years
maximum after DA V2o. Conflicting National Provisiol1s that would not allow the use
of the first parts of a Package should be arranged , in order to allow the legitimate use
of those Parts.
In order to il1crease the overall transparency of the implemel1tation of the 
Eurocodes , the Commission wishes to be informed , by the Member States, of the
main phases: translation, national calibration al1d coexistence Period , for each EN
Eurocode Part, and the adaptation of National Provisions.
Note: the Commission intends 10 prepare, for Ihis purpose, a "test reporling form
on lhe basis of the ilems mentioned in lhe Annex B.
20. It is intended that the end of Ihc coexistence period for each package will be laid down by the Commission
after consultation of Member States
Part 3:
Use of EN Eurocodes in technical specifications for
structural products
Nole: This part of lire Guidance Paper only deals wi/h suclr slruClural products. which are construction
producls in lire sense of tire CPD.
Distinction between specifications for material with properties to be determined
by test and specifications for components with properties to be detennined by
calculation
1.1. It follows ITom the CPD2I and the Interpretative Documents" that there is a need for
consistency between the technical specifications for construction products (hEN and
ETA) and the technical rules for works.
1.2. For construction products, which contribute to the mechanical resistance and stability
and/or fire resistal1ce of works, two types of properties are distinguished, according to
the validation method:
Properties to be determined by testing (generally in the case of structural materials
al1d constituent products, such as concrete, reinforcing steel for concrete, fire
protection material, etc.), and
Properties to be determil1ed by calculation following methods, which are also used
for the structural design of works (generally for prefabricated structural
componel1ts al1d kits, consisting of structural components, such as prefabricated
concrete components, prefabricated stairs, timber ITame buildings kits, etc.
For both types of product properties the resulting values are to be "declared" in the
information accompanying the CE marking" of the product and used in the structural
design of works or parts thereof
1.3. For the reference to, or use of, EN Eurocodes in harmonised product specifications a
distinction is made in this Part 3 between:
21 Article 2. 1 and 3.3
22 clauses 4. 1, 4.3.2 and 5.2 orlD I
23 By application ofCPD and in conformity with Ihe mandale givcn by the Commission
structural materials and constituent products with properties to be determil1ed 
testing, al1d
prefabricated structural componel1ts and kits consisting of structural components
with properties to be calculated according to EN Eurocode methods.
Indications to writers of hENs and ETAs for structural material and constituent
products with properties to be determined by testing
For structural materials and constituent products, with properties which enter into
structural calculations of works or otherwise relate to their mechanical resistance and
stability al1d/or fire resistance including aspects of durability and serviceability,
material hENs and ETAs shall meet the following:
Material hENs and ETAs shall take the techl1ical requirements of the 
Eurocodes into account so that the assumptions of design according to the EN
Eurocodes are met. This applies in particular to the general principles and
requirements given in EN 1990, Basis of structural design, e. g. with regard to the
definition of values of material or product properties such as the characteristic
value
Material hENs al1d ETAs will, therefore, have to lay down the methods for
determinil1g these properties al1d to specifY the requirements for the factory
production control and for the conformity attestation in such a way that each
declared value or declared class corresponds, as far as practicable, to a deemed
statistical confidence (defined iTactile al1d confidence level) and can, for the
structural design of works, be taken as the "characteristic value
In order to take into account "possible differences in geographical or climatic
conditions or in ways of life, as well as different levels of protection that prevail at
national, regional or local level" in the sense of Art. 3.2 of the CPO' , levels and
classes. may have to be established in the material hENs and ETAs, in accordance
with Guidance Papers E and F, taking into account the established competence of
the Member States concerning the levels of safety, includil1g aspects of durability
and economy. The Member States may thel1 choose the levels and classes to be
observed in their territory.
No,.: Harmonised specifications shall not exclude from tire market products legally in use in at least
one Member Slate. Therefore, materials IrENs or ETAs may include specific provisions deviating
from the EN Eurocode provisions, provided that the declared values remain usable for the design of
constructionll'orks . according to tire EN Eurocodes.
" EN 1990, * 1.5.4. 1 defines the characteristic values as Value of a malerial or product properly Iraving a
prescribed probabili/y of nol being allained in a Irypothelical unlimited test series. This value generally
corresponds 10 a specific fractile of the assumed slatislical distribulion of tire particular property of lire
material or producl. A nominal value is used as Ihe characleristic value in same circumstances However
often. Ihe characteriStic value takes also Ihe confidence level into account.
When makil1g provisions in material hENs or ETAs which determine the declared
values or classes, CEN product TCs al1d EOT A WGs should be aware that:
Uncertainties col1cerning declared values of "structural materials and products
will, in design calculations according to the EN Eurocodes, be allowed for by
material partial safety factors
The value or class of a property or performance of a "structural material or
constituent product", which is needed in the design of works and parts thereof
(and is col1sequently important for the competitiveness of that material or
product) will not be the declared characteristic value or class but the desigl1
value
Deciding on the safety factors, includil1g the material partial factors, which are
used to determine the design value ITom the characteristic value'" remains the
responsibility of Member States.
2.3. All of the provisions concerning the CE marking and the accompanying information
on the properties of a product or material shall be given in the relevant hEN or ETA
in accordance with the mandates al1d the guidance papers of the Commission.
2.4. For material properties l1eeded for the structural design of works, and that are linked
to the Essential Requirements, the material hEN or ETA shall provide that all of their
values or classes, relevant for the calculation or the design assumptions of the EN
Eurocodes, are declared in the information accompanying the CE markil1g.
I f one of those properties, for which values or classes have to be declared, is missing
ill the mandate, the CENrrc or EOT AfWG shall inform the Commission so that the
corresponding mal1date can, if justified, be amended and, if needed, transitional
arrangements can be made to enable the hEN , or ETA to be published without delay.
Provisions made in 3. 1 to 3.2.4 with regard to ETAs shall also be taken into
account by EOTA in the preparation of/he ETA Guidelines (ETAGs), as appropriate.
Indications to writers of hENs and ETAs for structural components and kits with
properties to be detennined according to EN Eurocodes
3.3. Introduction
The hENs and ETAs for structural components or kits, hereinafter referred to as
component hENs and ETAs , shall provide for one, or several, or all27, of the
2S According to EN 1990
, ~ 1.5.4.2 and 1.6, the design value of a material or product property is defined as
value obrained by dividing the characteristic value by a partial factor J'" (for material property) or 
)\,
(for material properly also accounting for model uncertainties and dimensional variation) or, in special
circumslances. by direct determination
26 Properties of structural components and kits can also be determined by testing. The melhods to be applied
are those which will be given in the hEN or ETA for the structural component or kil concerned.
following methods to determine the properties relating to the essential requirements
I "mechanical resistance al1d stability (including such aspects of Essential
Requirement n 4 Safety in use , which relate to mechanical resistance and stability) and
aspects of Essential Requirement n 2 "resistance to fire , to be declared. as
information accompanying the CE marking:
- Method 1: Indication of geometrical data of the component and of properties of
the materials and constituent products used , according to 3.
- Method 2: Determination of properties by means of the EN Eurocodes (with the
results expressed as characteristic values or design values) accordil1g to 3.3.
- Method 3: Reference to design documents of the works or dent' s order according
to 3.3.4.
CE marking and the accompal1yil1g documents for such a product shall provide all of
the information necessary to use the product in works, or to integrate the product
characteristics into the structural design of works or parts thereof.
Products that have declared values determined accordil1g to EN Eurocode calculation
methods, following the harmonised technical specifications, and that are CE marked
on this basis, must be allowed to be placed on the market and used for the pUlpose for
which they are intended in all Member States (see CPD article 6. 1).
3.3. Method I
The component hEN or ETA provides that the CE markil1g shall be accompanied by
the following information:
- the geometrical data (dimensions and cross sections, including tolerances) of the
structural component or, ill the case of kits, of the il1stalled system and the
components of the kit, and
- the properties of the materials al1d constituent products used" that are needed to
determine, according to the National Provisions, valid in the place of use, or
possible use, load-bearing capacities and other properties, including aspects of
durability and serviceability, of the structural component (or, in the case of kits, of
the assembled system) installed in the works - see 3.3.3 (f)
The adequacy of the respective provisions should be verified in consultation with
CEN/TC 250.
27 For a given product
, one or several properlies can be subject to one of these methods. and other properties
can be subject 10 another of Ihesc melhods
28 The properties of the materials and constituent producls used should be indicaled by reference 10 the
respective product specification.
3.3.
It is intended that examples for the application of method I , and examples of CE
marking, developed by product CEN/TCs or EOTAlWGs, will be made publicly
available by the Commission services, in their web-site.
Method 2
The component hEN or ETA uses EN Eurocode methods as the means of
determining the properties of the structural compol1ent or kits relatil1g to the essel1tial
requirements "mechanical resistance and stability" or "resistance to fire" in terms of
characteristic values or desigl1 values, taking into account the following:
General
(a) Component hENs , and ETAs shall comply with the principles and requirements
given in EN 1990 Basis of structural design e.g. with regard to the definition of
values of material or product properties such as the characteristic value" and the
design value2'. Thus component hENs and ETAs will have to:
define the properties of structural components and kits, which relate to
mechanical resistance al1d stability" or "resistance to fire" that are to be used in
the structural design of works, and
lay down the methods for determil1ing those properties and specifY the
requirements for the factory production control and for the conformity
attestation
in such a way that each declared value or declared class corresponds, as far as
practicable, to a defmed statistical confidence (defined ITactile and confidence
level) and can, for the structural design of works, be taken as the "characteristic
value" or "design value
(b) Component hENs, and ETAs shall use the methods given in the specific EN
Eurocodes, as far as applicable.
The adequacy of the provisions of components hENs and ETAs concerning the
indication of properties related to mechanical resistal1ce and stability and resistance
to fire should be verified in consultation with CENrrC 250.
Nevertheless, hannonised specifications shall not exclude ITom the market products
legally ill use in at least one Member State. Therefore , a component hEN or ETA
may include specific provisions deviating ITom the EN Eurocode provisions
provided that the component or, ill the case of kits, the assembled system, remains
usable for works desigl1ed according to EN Eurocodes.
Note: EN Eurocode metlrods referred 10 in hENs and ETAs Irave tire same status as a test metlrod
described in a supporting standard and referred to in an hEN or ETA. By use of a reference, the
respective EN Eurocode clauses become part of the harmonised product specification
(c) Component hENs and ETAs shall take into account the established competence of
the Member States concerning the levels of safety, including aspects of durability
and economy , and of country specific data related to "differences ill
geographical or climatic conditions or ill ways of life or different levels of
protectiol1 that prevail at National, regional or local level" in the sense of Art. 3.
of the CPD7 For this purpose, appropriate levels al1d classes , which give the
possibility of national choices for the respective parameters and which can be
referred to in the National Provisions, may have to be given in the component
hENs and ETAs, taking into account the relevant Nationally Determined
Parameters.
With respect to these levels and classes, Guidance Paper E applies with the
provisions concerning threshold levels (section 3; minimum/maximum values),
classes of product performance (section 4) and possible National requiremel1ts
concerning levels of product performances (section 5). As structural components
and kits are prefabricated (parts of) works bearing the CE marking according to
the CPD, also section 2 of Guidance Paper E applies. The levels and classes should
be presented in such a way that the Member States ' choice is not predetermined
(e.g. by the name given to a certain level or class).
Member States are encouraged to co-operate to minimise the number of classes
and levels to be introduced in hENs al1d ETAs by specification writers for
structural components and kits
(d) As far as durability is concerned , Guidance Paper F on durability applies also to
structural components or kits and their properties related to the Essential
Requirements "mechanical resistance and stability" or "resistance to fire . For
parameters that have an influence on the durability of the works, the Component
hENs and ETAs shall also give the possibility for national choices by means of
levels or classes according to Guidance Paper E.
(e) The use of EN Eurocode provisions in component hENs and ETAs taking the
Nationally Determined Parameters into account in the component hEN or ETA by
appropriate levels and classes, if relevant (see 3.3.3.2, note 2), may be done by:
Referril1g, in the compol1ent hEN or ETA, to the respective EN Eurocode
Part(s) indicating the relevant sections or clauses (this method is preferred), or
Incorporating the respective EN Eurocode provisions in the compol1ent hEN , or
ETA, where necessary with appropriate adaptation or simplification
(f) Component hENs and ETAs should specifY the materials and constituent products
to be used by referring to the respective product hEN30 or ETAs (for transitiol1al
arrangements, see 3. 3). This applies to any material or constituent product
29 which includes Ihe aspecis ofserviceabilily in the sense of EN Eurocodes
30 In specific cases
, to be identilied by the Commission and Member Stales, component hENs or ETAs may
refer 10 European product standards which do not. or not yel, have the slatus of harmonised standard in the
sense ofihe CPO. tor inslance EN 206 "concrete".
which is to be considered as a construction product in the sense of the CPO al1d
the properties of which:
- enter into the calculation of properties of the structural component or kit, by the
characteristic value, or
relate indirectly to the mechanical resistance al1d stability of the works, in
particular with regard to durability aspects , even if they do not enter into the
calculation.
(g) All rules related to the CE Marking and the accompanying information on the
properties of structural components or kits must be given, with the details
necessary for the application by the manufacturers, in the component hEN or
ETA , ill application of the mandate given by the Commission and in accordance
with Guidance Paper O.
The provisions concerning the "indications to identiJy the characteristics of the
product" and the "guidal1ce to specification writers regarding the identification of
product characteristics" (clauses 3.6 and 4 of Guidance Paper 0) apply also to
properties related to the essential requirements "mechanical resistance and
stability" and "resistance to fire . Thus, the hEN or ETA shall provide that the
informatiol1 accompanying the CE marking of a structural component or kit, shall
include the levels or classes of the properties related to the essential requirements
mechanical resistance and stability" and "resistance to fire , expressed in terms of
declared values or declared classes, including the design assumptions used by the
manufacturer. It will be up to the manufacturer of such prefabricated parts of
works to choose, in each case, levels and classes according to the intended use (see
3.3. 1 (c) al1d (d) as well as 3. 2).
(h) When making provisions in hENs or ETAs for structural components or kits that
determine the declared values or classes, CEN product TCs and EOT A bodies
should be aware that:
- the values or classes of performance of the structural component or kit, which
are essential for the design of works (and , consequently, for the competitiveness
of the structural component or kit) will not be the characteristic values but the
design values;
uncertainties concerning declared values or classes of the CE-marked structural
component or kit will, accordil1g to the EN Eurocodes (but also according to
the prevailing national design rules), be takel1 into account in calculations of the
works by material partial factors applicable to the structural component or, in
the case of a kit, to the installed system;
31 e.g. concrele admixtures, possibly having a negative elTecl concerning corrosion of reinforcing slee!
aggregalcs possibly leading to alkali-silica reaction, or structural steel which , depending on its
composition , could be more or less sensilive 10 corrosion , or fire proleclion materials to reduce temperature
of structural products
laying down the material partial factors, applicable to the structural component
, in the case of a kit, to the installed system, remains the responsibility of the
Member States.
3.3.2. Expression of properlies relaled 10 "mechanical resislance and slabiliiy " and
resislance to fire
The properties related to "mechanical resistance and stability" and "resistance to fire
and the information accompanying the CE marking should be specified in component
hENs or ETAs as simply as possible with regard to the needs of fulfilling the Natiol1al
Provisions. This may be done by expressing the properties in terms of:
(a) characteristic values for strength and other cross section properties /Tom which
the load-bearing capacities and other aspects" of the structural component (or, in
the case of kits, of the assembled system) installed in the works, taking into
account the National Provisions , can be calculated, or
(b) design values provided that the NDPs applicable to works have been taken into
account by
- appropriate levels and classes , which correspond to sets ofNDPs (see 2. 1.2 to
1.5 al1d 2. 2), or
- values for the NDPs given in the National Annexes of the Eurocodes.
If a National annex has not been elaborated the recommended values provided by the
relevant parts of EN Eurocode Parts are applicable.
The product hEN(s) or ETA(s) should also consider the case in which a Member
State, instead of setting up its own NDPs, has adopted the respective values, classes
and/or methods recommended in the EN Eurocode part(s) concerned.
Note To express a property of a struclural component or kit by tire "design value " involves tlrat
Ihe set of NDPs, which are applicable to tire component or kit in Ihe end use conditions, are
expressed in Ihe IrEN or ETA in lerms of classes.
For this purpose, tire classes lViII be defined in component hEN or ETA by the combination ofNDPs
applicable in Member Slates.
Normally, for a given structural componenl or kit and its intended use:
a number of symbols. classes or alternative metlrods. IVhich in EN Eurocodes Irave the s/atus
of NDPs, will not be relevant, and
the relevant NDPs will not always be differentfrom one Member State to lire other.
Tlris means tirol, in most cases, a reduced number of classes, in the componenl hEN or ETA will be
sufficient to cover the NDPs and tire differences of NDPs in the various Member States, applicable
to the component or kit.
Nole Evenlually, in particular cases, it may happenfor a given componenl or kil tlrat there isjust
aile set of NDPs 10 be taken into account in tire component hEN or ETA , which covers the end use
conditions in all the Member States.
" tor instance Ihermal insulation for fire separating eJemenls
It is intended that examples for the applicatiol1 of method 2, and examples of CE
marking, developed by product CENrrCs or EOTAlWGs, will be made publicly
available by the Commission services, in their web-site.
Transitional arrangements
The followil1g transitional arrangements shall be taken into account in the drafting 
component hENs or ETAs:
For the period of time in which the respective EN Eurocodes are not yet available
and, thus, cal1not be referred to in the Component hEN or ETA or used by
manufacturers of the structural component or kit, it is recommended to refer to
or to incorporate, as far as practicable, the relevant EN Eurocode provisions, in
their latest version in consultation with CEN/TC 250. These provisions shall be
replaced by references to the respective EN Eurocodes, when these become
available.
For the period of time in which the relevant material hENs, or ETAs, are not yet
available and , thus, cannot be referred to in the component hEN or ETA , or used
by manufacturers of structural components or kits, it is recommended to
incorporate, as far as practicable, the material or product specification in the
component hEN or ETA (preferably in Anl1exes), in consultation with the
respective material TCs/WGs
Provisions in component hENs or ETAs for such transitional arrangements will be
necessary until the co-existence periods relating the respective materials and
constituent products have come to their end. For further information on "Transitional
Arrangements" applicable to hENs and ETAs for materials al1d constituent products
see Guidance Paper J.
3.3.4. Method 3
(a) For cases in which a structural component or kit is produced in accordance with
the design details (drawings, material specifications, etc. ) prepared by the designer
of the works35 following the National Provisions, component hENs or ETAs shall
provide, where relevant , that the information to accompany the CE marking with
regard to the product properties can be given by making reference, in an
unambiguous way, to the respective design documents of the works.
33 Reference can only be made 10 documents
, which are publiely available.
34 In most cases
, such a preliminary harmonisation of the structural materials or constituent products used will
not be practicable. Eventually, further mandates for hENs or ETAGs , or green light for an ETAs without
guideline could be provided for by the European Commission.
35 or the designer oflhe concerned pari of the works
3.3.
3.3.
(b) For cases in which the producer has designed and produced a structural
component or kit following the provisions oflhe client' s order, ill accordance with
the National Provisiol1s applicable to the works, the component hEN or ETA shall
provide, where relevant, that the information to accompany the CE marking with
regard to the product properties can be given by making reference, in all
unambiguous way, to the drawings and material specifications linked to the
client' s order.
Attestation of conformity
Concerning the conformity attestation of structural components and kits, as of any
other construction product, all of the tests and procedures shall be performed and
documented according to the provisions of the CPD to be transposed into the
technical specification of the product (see Guidance Paper K, clause 2.4).
Therefore, component hENs or ETAs shall contain the necessary provisions to defIDe
the tasks of the manufacturer and the Notified Bodies with regard to the attestation of
conformity of the product.
Properties of a structural component or kit, which relate to "mechanical resistance
and stability" and "fire safety" and which are determined by calculation, are subject to
the procedure of attestation of conformity, as is any other property.
Within the systems of attestation of conformity referred to in Annex III of the CPD, in
the case of method 2, the checking of calculations shall be considered as a part of the
initial type testing" of the product.
Application to ETAs
Provisions made in 3.3.2 to 3.3.5 with regard to ETAs should also be taken into
account by EaT A in the preparation ofthe ETA Guidelines (ET AGs), as appropriate.
Part 4:
Future actions related to the Eurocode Programme
1.1.
1 Education
1.2.
1.3
1.4
To build 011 the strong pedigree of the EN Eurocodes described above, the
Commission recognises the importal1ce of building on this with programmes of
education to help the professions to implement the EN Eurocodes.
Aspects of education that need to be covered , include:
informil1g and making the profession as a whole aware ofthe EN Eurocodes
- providing continuing professional development and training to the profession
- encouraging the productiol1 of handbooks, design aids, software etc to facilitate the
implementation of the EN Eurocodes
- encouraging Universities al1d Technical Colleges to base their teaching of civil and
structural engineering design on the EN Eurocodes
The Commission, in liaison with industry and Member States, will encourage:
Publication of easily understandable "jargon tree" booklets covering the EN
Eurocodes;
- The holding of European seminars aimed at the profession as a whole as key EN
Eurocodes become available as ENs (e. g. EN 1990:Basis of Design);
Publication of documents on the adoption of the EN Eurocodes through
Government or on behalf of Government
- The holding of meetings orgal1ised by professional and il1dustry bodies to inform
construction professionals and university teachers, to listen to and discuss their
concerns, and to promote the opportunities offered by the EN Eurocodes.
- The arrangement ofcontinuil1g professional development and training courses
- The development of aids to implemel1tation
Central to any il1itiatives taken on education is the production of:
- Handbooks , worked examples and background documents;
Software;
- Guides for everyday structures (e.g. normal buildings) based on the EN Eurocodes
Publishing companies, software houses and trade organisations will carry out these
important activities, mainly as commercial ventures. Encouragement to these
bodies call be given by a strong commitment to implementation of the EN
Eurocodes both by the EC and the Member States.
5 Member States should encourage the use of the EN Eurocodes in private contracts
particularly through education and information campaigns, regardless of what may be
requested by National provisions.
2. Research with regard to EN Eurocodes
The Commission services recognises that, for the Construction sector to remain
competitive in the world construction industry, it is essential that the EN Eurocodes
once published, should remail1 the most up to date, useable International Codes of
Practice, meeting the requirements for a profession practising in a competitive
environment.
The EN Eurocodes should be able to develop according to the innovative pressures of
the market and the progress of scientific knowledge and methods.
The pressures trom the market are generated by:
- new material and new products;
- new ways for procurement and execution of works;
- needs for economy whilst maintaining acceptable levels ofsafety.
The progress of the scientific kl1owledge al1d methods are generated by:
- the need to avoid disasters ill the area ofsafety (eg seismic, fire);
- a knowledge of phenomena acquired in other domains (eg aeronautics for wind
action);
- the answer to new economic or social needs (eg High Speed Railways , nuclear
plants);
- the availability of powerful and widely-distributed tools for calculation (computers
and software).
2.4. Initiatives for research arise trom
- the industry or the users concerned;
public authorities in charge of safety, economy, scientific development and
education (for example, the development ofNDPs)
universities al1d research organisations experienced ITom their involvemel1t as third
parties.
In mal1Y cases there will be a mutual interest for both industry al1d public authorities
(including the European Commissiol1) in research and this should be reflected by
agreements 011 common funding accordil1g to the following criteria:
Industrial al1d user s sources - the main ful1dil1g for research whose objectives are
short-term benefits or particular advantages for special il1novative companies and
associated industries and users (e.g. unique verifications and ETA's).
- EC or National public funding - the main funding for research whose objectives are
medium to 10l1g term benefits for the Europeal1 construction industry (e. g. for
improvil1g technical specifications and design codes, harmol1ising models for
actions and resistances, improving safety aspects).
4.3. I.
3. Maintenance of EN Eurocodes
4.3.
4.3.
The mail1tenance ofthe EN Eurocodes is essential; the need for updating, revision and
completion is strol1gly recognisedso that an improved second generation of EN
Eurocodes call evolve. However, a period of stability should be observed before
embarking on chal1ge36 other than to correct errors.
Mail1tel1ance work will involve:
- Reducil1g open choices (NOPs)
- urgent matters of health and safety;
- correcting errors;
- ensuring the most up to date information is in the EN Eurocodes, recognising
recent proven innovations and improvements in construction technology;
- feedback ITom use of the EN Eurocodes in the various Member States through
CEN;
- requests ITom industrial organisations or public authorities to CEN members for
revision.
The organisation of maintenance should start after the receipt ofa positive vote on 
draft EN Eurocode, a Mail1tenance Group should be formed by the relevant
CEN/TC250 SC to:
- give further consideration of co-ordil1atiol1 items arising ITom the work of other
Project Teams (this is necessary as the various parts of the EN Eurocodes are not
being prepared simultaneously);
36 No revision should be published until after the coexistence period has ftnished.
3.4.
- provide explal1atiol1s to questions arising ITom the use of the EN Eurocode, e.g. on
background and il1terpretation of rules;
collect comments and requests for amendment;
- prepare action plans for urgent revision in the case of safety related matters, or
future systematic revisions according to the CEN procedure and as decided by
CENrrC250.
The strategy to provide adequate resources to support the maintenance of the EN
Eurocodes should be decided by the European Commission , Member States, Industry
and CEN seeking to find a balal1ce between:
- the requirements for public safety
- the competitive demands of industry
- the availability of funds
Annex A
Arrangements for the implementation ofthe EN Eurocodes
Periods Description Action
Examination Period After Ihe final draft prepared by Ihe Project Team is sent to Ihe sub- CENI
commitlee for progressing 10 the vote. a period should be allowed for NSBs
examination of the content of Ihe Eurocode ParI, by both compelent
authorities and Sub-committee members. After taking into account any
comments generated /i-om Ihis examinalion. Ihe Sub-committee
approves the document 10 go to formal vote and sends it to CEN/MC
(CEN stage 49).
A maximum period for the examination . revision in the sub-committee
and final annroval to 00 10 formal vote is 6 months.
CEN Process Period After receiving the final draft (CEN stage 49). CEN/MC organises the CENI
formal vote and the ratification , leading 10 Ihe date of availability (DA V) NSBs
of the approved European standard. This process requires about 8
months depending editing. translation (translation of the
Eurocode Parts Ihe olher two omcial languages of CEN) and
finalisation of the document prior to making it available to CEN
members for Dublication
Translation Period The translation of an Eurocode Part in aulhoriscd nalional languages NSBs
may be started, at the latest when the National Standardisalion Bodies
have received Ihe Eurocode /i-om CEN (DAY). The maximum lime
allowed for translalion is 12 months after DA V.
National Calibration A period oftwo (2) years after DAVis the maximum time allowed to fix MSsl
Period the Nationally Determined Parameters. The SCC could however NSBs
(in parallel with examine requests , for exceptions. At the end of this period, the national
Iranslation period) version of an EN Eurocode Pari will be published, with Ihe National
Annex, which will include the Nalionally Determined Paramelers. At
the end of this 2-year period , the Mcmber States should have adapted
Iheir National Provisions so thai this Eurocode Pari can be used on their
lerritory. The National Annex shall be senl to the EC services for
informalion (see 2. 6). During this period. the Member Slates shall
inform the Commission about the result of the tests undertaken using
Ihis EN Eurocode Part (see 2. 6 and Annex 8).
Coexistence Period of a During the coexistence period, which starls at the end of the National MSI
Eurocode Package Calibration period , the Eurocode Part can be used, just as the former NSBsI
nalional system (codes al1d provisions) can also be used. The coexistence Industry
period of an Eurocode Package will last up to a maximum time of three 
(3) years after the national publicalion of the lasl Pari of a Package. At
the end of the coexistence period ofa Package, Ihe NSBs shall withdraw
all conflicting national slandards, and the Member States shall make
sure thai all the Parts of Ihe relaled Package can be used withoul
ambiguity on their territories by adapling their National Provisions as
necessary. Thus all conflicting National Standards3? in a package
should be withdrawn a maximum of 5 years after DA V of the last
available slandard in the nackaoe (see 2.
37 The words "conflicting National Standards" mean standards whose scope covers the same subjects as those
of the EN Eurocode Parts
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Annex B
Items to be considered for the report on the EN Eurocode trial use
Nole: Keep answers as short as possible; do not add the calculations and drawings
themselves.
Title ofthe report: Include SUBJECT, MATERIAL, COUNTRY
Basic Information
Subject of report
Date of report
Author(s)
EN Eurocodes(s) used
Calibration study or design
Any National Code (or ENV Eurocode, with its NAO) used for comparisol1
Executive summary of work and results obtained
Description of the structure(s) designed
Type of the construction works; is it an existing one, or new build?
Include small-scale figures to illustrate the construction works
The design (or the checking) ofthe structure using national codes and standards
01.1 The national codes and standards used:I. Basis for the design2. Actions3. Materials
01. Summary of the desigl1 checking operations
01.3 Results
D2. The design (or the checking) ofthe structure using EN Eurocodes
02. 1 Which EN Eurocode Part used? List of NOPs and values or classes or
alternatives methods used where NOPs are identified in the EN Eurocode Part.
02. Summary ofthe design checking operations
02. Results
Comparison between the two calculations (if relevant)
Observations on use of EN Eurocodes
Usability
Understal1dability
Clarity
Conciseness
Omissions
Level of complexity
Relative time to do calcuJatiol1s compared with National Code
Overall impression of EN Eurocode(s)
Dl.
Annex C
Packaging of the EN EUROCODE Paris
Accordin to the actual understandil1 ofCEN 
Eurocode 2: Concrete Structures
Package 2/1 Building and Civil Engineering Structures, excluding bridges and liquid
retaining al1d containment structures.
Package 2/2 Bridges.
Package 2/3 Liquid retaining and col1tainment structures.
Eurocode 3: Steel Structures
Package 3/1 Building al1d Civil Engineering Structures , excluding bridges, silos, tanks
and pipelines , steel pilil1g, crane supporting structures, and towers al1d
masts.
Package 3/2 Bridges.
Package 3/3 Silos, tanks and pipelines.
Package 3/4 Steel piling.
Package 3/5 Crane supporting structures.
Package 3/6 Towers and Masts.
Eurocode 4: Composite Steel and Concrete Structures
Package 4/1 Building and Civil Engineering Structures, excluding bridges.
Package 4/2 Bridges.
Eurocode 5: Timber Structures
Package 5/1 Buildings and Civil Engil1eering Structures, excludil1g bridges.
Package 5/2 Bridges.
Eurocode 6 : Masonry Structures
Package 6/1 Building and Civil Engineering Structures, excluding bridges.
Package 6/2 Simplified design.
Eurocode 9 : Aluminium
Package 9/1 All without fatigue.
Packa e 9/2 With fati ue.
Eurocode Parts /Tom EN 1990, 1991 , 1997 and 1998 do not appear as Packages, but are
necessary parts of the Eurocode packages for design with particular materials , described
above.
Where a Eurocode Part appears in more than one Package, the DoW for that Part is the
same as that for the Package with the Do W furthest in the future.
38 This list should be up-dated by CEN as appropriate
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Appendix B
There are ten Eurocodes , each consisting a number of parts. EN 1990 gives all
the operative material independent rules (e.g. partial factors for actions , load
combination expressions for ultimate and serviceability limit states), and
therefore EN 1992 to EN 1999 , which do not provide material independent
guidance , cannot be used without EN 1990.
Each of the Eurocode parts is produced by a sub-committee under the guidance
and co-ordination of a technical committee (CENrrC 250). Delegates of the 29
CEN members are represented on CENrrC 250 and its sub-committees
Drafts of the Eurocode parts are elaborated by project teams , which are selected
by the appropriate sub-committees. A project team consists of about six experts
who represent the sub-committee. A vast majority of the project teams include a
UK based expert.
A Eurocode is subject to extensive consultation before it is adopted. Progressive
drafts are discussed and commented up by CEN members and their appointed
experts. A Eurocode part is adopted only after a positive vote by CEN Members.
Eurocodes have been developed to improve the competitiveness of the
European construction industry both within and outside the European Union.
As with other European standards , Eurocodes will be used in public procurement
specifications and to assess products for 'CE' (Conformite Europeen) mark.
EN1990 Eurocode: Basis of Structural Design is the head document in the
Eurocode suite and describes the principles and requirements for safety,
serviceability and durability. It also provides the basis and general principles for
the structural design and verification of buildings and civil engineering works
(including geotechnical aspects). It is the first operational 'material-independent'
design code.
EN1990 will be used with all the other Eurocodes (EN1991 to EN1999) for
design , as shown below.
In EN1990 the basic principles of structural design have been harmonised for
European Community member states and , more importantly, for the principal
construction materials (concrete , steel , masonry, timber, aluminium) and
disciplines (fire , geotechnics , earthquake , bridge design etc.
EN1991 Eurocode 1 provides comprehensive information on all actions that
should normally be considered in the design of buildings and civil engineering
works. It is in four main parts , the first part being divided into 7 sub-parts that
cover densities , self-weight and imposed loads; actions due to fire; snow; wind;
thermal actions; loads during execution and accidental actions. The remaining
three parts cover traffic loads on bridges , actions by cranes and machinery and
actions in silos and tanks
EN1992 Eurocode 2 has a number of parts giving comprehensive information for
the design of concrete structures and civil engineering works. The first part of the
code , covers common design rules and design requirements for fire. The second
and third parts , cover the design of bridges and liquid-retaining structures
respectively.
The scope of EN1993 Eurocode 3 is wider in scope than most of the other design
Eurocodes due to the diversity of steel structures , the need to cover both bolted
and welded joints and the possible slenderness of construction.
The real differences when compared to existing British Standards lie in bringing
new methods into the scope. For buildings , for example the design of semi-rigid
joints are explained. For cold-formed steelwork , more advanced methods of
design are included. Rules for stainless steel appear for the first time. The rules
for shell and for the design of piles , sheet piling and silos are new.
EN1993 has about 20 parts covering common rules , fire design , bridges
buildings , tanks , silos , pipelined piling, crane supported structures , towers and
masts , chimneys etc.
EN1994 will have three parts covering common rules and rules for buildings
structural fire design and bridges. Eurocode 4 needs to be used together with
Eurocodes 2 and 3 for concrete and steel respectively.
EN1995 Eurocode 5 will have three parts covering common rules and rules for
buildings , structural fire design and bridges. EN1995 uses the limit state concept
unlike the present BSI timber codes that use the permissible stress method.
Although BS 5268 , the BSI code , is essentially a 'slide-rule ' code , EN1995 will
require software etc. for the designer.
EN1996 Eurocode 6 relates to buildings and other civil engineering works and
covers reinforced , prestressed and confined masonry. The 4 parts cover the
rules for reinforced and unreinforced masonry, structural fire design and detailed
rules for lateral loading. .
EN1997 Eurocode 7 is in two parts.
Part 1: General rules , covers The general basis for the geotechnical
aspects of the design of buildings and civil engineering works
assessment of geotechnical data , use of ground improvement , ground
reinforcement , dewatering and fill. Geotechnical design of spread
foundations , piles , retaining structures , embankments and slopes.
Calculation rules for actions originating from the ground e.g. earth and
ground water pressures
Part 2: Ground investigation and testing covers requirements for
the execution , interpretation and use of results of laboratory tests to
assist in the geotechnical design of structures.
EN1998 Eurocode 8 is in six parts.
Part 1 covers general rules , seismic actions and rules for buildings
Part 2 covers bridges
Part 3 covers the strengthening and repair of buildings
Part 4 deals with silos , tanks and pipelines
Part 5 with foundations , retaining structures and pipelines
Part 6 with towers , masts and chimneys
It is unlikely that EN1998 needs to be used in the UK, except for special
structures (e.g. nuclear structures , long span bridges and tall buildings).
EN1999 Eurocode 9 has five sub-parts covering common rules , structural fire
design and structures susceptible to fatigue.
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Section EN 1991- EN 1993-
Scope (1) The methods given in this (1) EN 1993- 2 deals with
Part 1-2 of EN 1991 are the design of steel structures
applicable to buildings , with a for the accidental situation of
fire load related to the fire exposure and is
building and its occupancy. intended to be used in(2) This Part 1-2 of EN 1991 conjunction with EN 1993-
deals with thermal and 1 and EN 1991- 2. EN
mechanical actions on 1993- 2 only identifies
structures exposed to fire. It is differences from , orintended to be used in
supplements to , normal
conjunction with the fire design
Parts of prEN 1992 to prEN temperature design.
1996 and prEN 1999 (2) EN 1993- 2 deals only
which give rules for designing with passive methods of fire
structures for fire resistance. protection.
(3) This Part 1-2 of EN 1991 (3) EN 1993- 2 applies to
contains thermal actions steel structures that are
related to nominal and required to fulfil this load
physically based thermal bearing function if exposed
actions. More data and models
for physically based thermal fire , in terms of avoiding
actions are given in annexes. premature collapse of the
(4) This Part 1-2 of EN 1991 structure.
gives general principles and NOTE: This part does not
application ruies in connection include rules for separating
to thermal and elements.
mechanical actions to be used (4) EN 1993- 2 gives
in conjunction with EN 1990 principles and application
EN 1991- , EN 1991-
rules for designing structures
and EN 1991- for specified requirements(5) The assessment of the in respect of the load bearingdamage of a structure after a function and the levels offire , is not covered by the performance.present document. (5) EN 1993- 2 applies to
structures , or parts of
structures, that are within the
scope of EN 1993-1 and are
designed accordingly.
(6) The methods given are
applicable to structural steel
grades 5235, 5275, 5355,
5420 and 5460 of
EN 10025 and all grades of
EN 10210 and EN 10219.
(7) The methods given are
also applicable to cold-
formed steel members and
sheeting within the scope of
EN1993-
(8) The methods given are
applicable to any steel grade
for which material orooerties
at elevated
temperatures are available,
based on harmonized
European standards.
(9) The methods given are
also applicable stainless
steel members and sheeting
within the scope of EN
1993-
Assumptions In addition to the general In addition to the general
assumptions of EN 1990 the assumptions of EN 1990 the
following assumptions apply: following assumption applies:
- any active and passive fire
- Any passive fire protection
protection systems taken into systems taken into account
account in the design will be in the design should be
adequately adequately maintained.
maintained;
- the choice of the reievant
design fire scenario IS made
by appropriate qualified and
experienced
personnel , or is given by the
relevant national reGulation.
Appendix C
intact for the entire duration of the fire, or whether they will be open right from
the beginning of the fire. In such cases, a calculation of the temperature-time
curve of the fire compartment and of the maximum temperature of the steel
structure should be carried out for both alternative openIng factors. As a rule
the smaller the opening factor, the higher will be the maximum. steel temperature
for a given fire load. Design based on the lower value of the opening factor will
therefore, as a rule , yield results on the safe side"
3 Calculated gas temperature-time curves for fire compartment tYpe A(standard fire compartment) for different fire loads q and opening
factors AfTi/A
Calculated gas temperature-time curves for fire compartment type A (standard
fire compartment) for different values of the fire load q and the opening factor
AVh!At are given in Fig. 4. a and Table 4. a. The term fire compartment
type A is taken to refer to a fire compartment with surrounding structures whose
thermal properties are the same as the average values for concrete. brick and
lightweight concrete. The thermal conductivity has been assumed to have a value
of 0. 7 kcal/m h Oc I 0. 8 W/m Oc I. and the product of the specific heat capacIty
and density c y-- 400 kcal/m3 Oc 11700 kJ/m3 ocl.
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Fig. 4. 3. 3 a. Calculated gas lemperature-tlme curves for complele fire processes for dlfferenl
fire loads q and opening factors Nib/At In fire compartment Type A(standard fire cell), the fuel
helng of wooden type (19)
10001000
800 800
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~ O
~ O)Om
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. h
. h
AjIh/A, O1 AjIh/A, 02m
(Meal/m (Meal/m')
11.25 15, 22.5 30. 15. 22.5 30. 45. 60.
q(MJ/m q(MI/m
(h) 6.3 12. 18. 31, 47. 62.8 94.2 126 (h) 12.6 25. 37. 62. 126 188 251
272 272 272 272 272 272 272 272 396 396 396 396 397 397 397 398
395 395 395 395 328 328 328 328 568 568 568 568 467 467 467 4670.15 228 390 390 390 360 360 360 360 322 556 556 556 511 511 511 SII
196 368 401 401 406 406 406 406 0.,20 277 519 572 572 581 581 581 581
ISO 313 409 410 405 405 405 405 210 4SO 585 587 578 578 578 578
257 385 421 415 415 415 415 134 361 549 602 593 593 593 5930.35 241 354 429 425 425 425 425 131 339 SOl 615 615 615 615 615
218 320 437 434 434 4J4 434 126 304 452 624 620 620 620 620
0045 193 282 441 442 442 442 442 121 268 397 632 ",2 632 632 632
167 269 412 449 449 449 449 117 228 376 586 642 642 642 642
157 229 370 46J 463 463 463 107 212 317 523 662 662 662 662
ISO 215 355 460 470 470 470 102 201 287 485 660 671 671 671
144 187 314 451 476 476 476 0.70 19J 254 440 642 680 680 680
131 178 302 426 488 488 488 174 239 419 604 697 697 697
118 166 283 399 468 :SOO :SOO 0.90 154 220 390 562 666 714 714
104 154 263 367 456 SIl 511 132 202 359 513 645 729 729
142 242 344 439 521 521 109 184 325 475 618 742 742
129 218 331 421 531 S3I 165 289 453 588 756 756
116 209 315 400 524 541 1.30 144 275 429 555 743 768
102 199 299 376 524 550 123 260 402 517 740 779
190 282 366 522 559 101 244 375 498 735 790
ISO 263 353 515 567 229 347 478 721 800
110 244 340 SO6 559 1.70 214 316 456 706 787
160 237 326 496 562 199 305 434 688 788
ISO 230 311 485 561 184 294 410 669 784
2.00 139 223 296 473 560 2.00 168 284 386 648 780
2.20 117 210 263 448 552 2.20 263 335 605 763
2.40 103 197 249 422 542 2.40 113 244 312 562 743
2.60 185 2J5 393 529 2.60 106 225 291 515 719
2.80 172 221 361 514 2.80 206 270 465 692
159 207 327 497 187 250 410 662
146 194 301 480 168 230 370 632
132 181 286 461 3.40 148 210 348 601
118 168 273 441 128 191 328 568
109 154 261 419 114 172 309 5J3
104 140 249 396 4,00 IOS 151 293 496
100 125 238 371 4,20 103 130 276 457
119 227 345 123 261 417
114 216 323 4,60 . 39 117 245 384
110 205 307 4,80 112 229 360
106 194 292 107 214 337
103 184 277 103 199 314
100 113 262 100 184 293
162 247 169 271
151 231 154 2SO
140 216 6.00 138 228
Table 4 . 3. 3 a. Gas temperature 6t ( C) in fire compartment Type A for a complete fire process
as a function of time t for different values of the openIng factor Aofh/ A
t and tbe fire load Q, tbIsbeing of wooden type
Av'h/A, -0,04 m .A v'hIA O6 
"' 
(Meal/m') (Meal/m
t;.0 12,,0 18, 3Q,0 90.0 1~0 18,0 9Q,0 135 0 180
q(MI/m (MJ/m
(h) 126 188 251 377 SO2 (h) 113 188 283 377 565 753
504 504 504 504 504 504 504 504 0,05 575 575 575 575 575 575 575 575
745 745 745 745 621 621 621 621 858 858 858 858 704 704 704 704
422 747 747 747 681 681 681 681 493 861 861 861 784 784 784 784
0.20 360 696 767 767 777 777 0.20 404 BO2 879 879 882 882 882 882
0.25 268 587 784 784 776 776 776 776 0,25 296 679 898 898 889 889 889 890
0.30 164 472 734 799 793 793 793 793 0.30 175 538 838 914 9011 9011 908 9011
D,35 162 437 665 814 808 808 808 868 0,35 174 490 761 928 923 923 923 923
0,40 155 - 389 593 828 822 822 822 822 0,40 166 430 669 942 936 936 937 937
148 337 513 841 836 836 836 836 159 369 572 954 949 949 949 949
o,SO 142 281 481 T/9 848 848 848 848 Q,5O 151 303 532 871 961 961 961 961
0,60 128 259 397 682 874 874 874 874
-0,60 136 277 433 762 982 982 982 982
0,65 120 246 352 626 882 882 882 882 0,65 128 262 402 694 992 992 992 992
0,70 114 232 31)7 565 839 894 894 894 0,70 120 247 326 620 939 1001 1001 1001
100 204 285 527 785 912 912 912 o,BO 104 215 300 574 872 1018 1018 1018
0.90 178 260 483 TJI) 862 928 928 0,90 185 272 520 795 954 1032 1032
1.00 149 235 437 645 827 942 942 152 243 466 705 909 I 044 I 044
118 208 388 589 787 955 955 116 213 409 637 858 I 054 I 054
1.20 183 337 555 740 967 967 184 343 593 803 I 064 I 064
156 316 518 688 942 977 155 327 5SO 742 I 029 I 072
128 296 480 632 931 987 1.40 123 303 SO5 675 1013 1080
276 441 602 919 996 281 640 996 1087
1.60 255 400 571 895 1004 259 413 603 966 1 0!I3
1.70 235 358 S4O 870 981 236 364 567 935 1062
214 343 507 843 913 213 348 529 902 1049
1.90 194 328 474 813 963 191 332 491 866 I 036
2,,00 174 313 440 781 953 2,,00 169 317 452 830 1022
2,,20 131 288 369 718 923 2,,20 121 289 371 756 984
2,,40 104 263 339 655 890 2,,40 263 340 683 943
2,,60 238 311 587 853 2,,60 236 310 60S 900
2"BO 214 286 516 813 2"BO 210 283 524 854
190 261 442 769 185 257 440 BO5
166 236 388 71:1 3,20 159 230 381 756
141 211 362 682 3,40 131 204 355 705
3,60 115 187 338 635 103 178 331 652
163 316 587 152 308 5!11
4.00 137 296 537 4.00 123 288 541
4.20 110 277 48S 4.20 269 483
4.40 104 258 431 4.40 249 423
4.60 240 388 4.60 230 371
4.80 57 - 221 360 '4.BO 211 348
75 ' 90 204 332 \00 193 319\20 186 305 174 292
5..40 168 280 155 265
ISO 255 135 238
131 229 5,BO 114 210
t;.00 III 203 -t;.00 185
I"hIA 08 m AI"hIA Q,12m
(Mcal/m') q(Mcal/m')
24.0 0 6Q,0 90,0 120 0 180 0 240 18,,0 36.0 135 0 18q,D 270 0 360
q(MJ/m q (MJ/m
(h) 100 151 251 377 SO2 754 1004 (h) 151 226 377 565 754 1130 I SO7
0.05 622 622 622 622 622 622 622 622 0.05 670 670 670 670 670 670 670 670935 935 935 935 166 766 166 161 1021 1027 1027 1027 847 847 841 847532 937 937 937 853 853 853 853 581 1033 1033 1033 933 933 933 933432 869 955 955 959 959 959 959 0.20 465 951 1049 1 049 I 051 1051 1051 10510.25 314 134 913 913 965 965 965 96S 0.25 333 1'19 1063 1063 1051 1051 1057 1057181 515 903 981 981 981 981 982 186 620 981 1076 1071 1071 1071 1071ISO 521 818 1001 '195 '195 '195 '195 0,35 185 556 882 I 088 1083 1083 1 083 I 083171 454 120 I 013 I 008 I 008 1 008 I 008 176 114 I 098 I 094 I 094 I 094 I 0940.45 163 386 611 I 024 I 020 I 020 1 020 I 020 0,45 168 404 6SO 11071103110311031103155 314 561 931 I 031 1031 1031 1031 o.SO 159 324 593 1004 1112 1112 I 112 1 1121\,60 139 285 454 801 I 050 1 OSO 10SO 10SO 142 292 472 856 1121 1121 1127 I 1270.65 131 269 396 132 I 058 1058 1058 1058 133 215 401 114 1133 I 133 I 133 1 1330.70 122 253 336 651 996 I 066 I 066 I 066 0.10 124 251 341 681 1060 1139 1139 1 139o.SO 106 219 306 598 920 I 081 1081 1081 106 221 309 622 971 I ISO I ISO IISO0.90 186 275 53~ 833 1005 1092 1092 0.90 186 216 556 813 1062 1159 1159151 245 479 135 953 1102 1102 1.00 (i/ 149 244 490 165 I 001 1166 I 166113 214 417 659 897 1111 1111 107 211 422 680 931 1 113 1113185 352 612 836 1119 1119 118 351 628 868 1118 1118151 328 564 769 1071 1126 1.30 145 321 515 194 1128 1183117 304 516 695 I 058 1132 108 301 523 113 1106 1188281 466 657 I 038 1138 277 469 672 I 082 I 192251 415 618 I 004 1143 (i/ 253 414 629 I 043 1 195234 363 571 969 I 105 228 358 585 I 003 1 151210 34i 531 932 1090 203 343 542 962 1133187 331 496 893 1014 ISO 321 497 919 11142,00 163 316 454 853 I 058 7,,00 155 311 452 874 10967,,20 112 281 368 714 I 016 7,,20 100 283 361 789 10487,,40 260 337 695 971 7,,40 255 330 704 '1987,,60 233 307 611 923 7,,60 227 300 613 9467,,80 206 279 524 873 2.80 200 272 519 891180 252 434 820 113 245 423 8343.20 153 224 313 169 144 216 361 186124 198 341 714 3,40 113 190 336 7213.60 171 323 658 162 313 660143 302 5'19 132 293 5984.00 113 282 539 4.00 102 273 5344.20 262 478 4.20 253 469242 415 4.40 233 403222 368 213 3554.86 203 338 4.86 194 3255.00 185 309 115 291166 282 144 269146 2S4 5,40 134 241125 221 112 2135.86 104 1'19 5.86 1861\.00 172 1\.00 3l- 158
Av'hIA, -o.JQm
(McaJ/m')
135 22S 338 450 675 900
q(MJ/m
(h) 188 377 565 942 1413 1884 282~ 37~8
774 774 774 774 774 774 774 774
0,10 1193119311931193 970 970 970 970
666 1187 1187 1187 I 068 I 068 I 068 I 068
0.20 515 1079 1196 1196 I 2OS 1205 1205 1 205
357 894 1 204 3 204 1201 1201 1201 1201
0,30 189 684 1 098 1 211 1 208 I 208 1 208 I 208
0.35 188 603 97~ 1, 21~ 1214 1214 1214 1214
187 513 846 1 222 1220 1220 1 220 I 220
170 423 701 1 22~ 1 224 1 224 1224 1224
0.50 161 330 633 I 099 1 229 I 229 I 229 I 229-
0.60 142 295 4118 919 1236 1236 I 236 1 236
0.65 I3J 277 414 821 1239 1239 1239 1239
123 258 338 715 1148 1 242 1242 1242
104 219 306 646 1039 1247 1247 I 247
Q,9O 181 273 570 922 1 136 1251 1251
140 238 495 796 I 063 1 254 1 254-
203 419 700 986 1 257 1 257
1,20 169 341 641 90S 1259 1 259-
132 317 582 820 1195 1267
292 524 728 1167 1263
268 464 684 1138 I 264-
1.60 242 404 636 1092 1266-
217 344 588 I 046 I 211
191 330 S4O 998 1188
166 315 492 949 I 166-
2.00 139 301 443 898 1144
2.20 273 345 804 1089-
2.40 245 316 709 1032
2.60 216 288 609 973
2.80 189 261 507 912
161 232 402 849
3,,20 130 204 340 790-
3.40 177 318 726147 298 660-
1IS 278 591
4,00 259 S23
4,20 239 454-219 383
200 334
181 3OS
161 278
140 251
118 222
194
166
6,00 136
For fire loads and opening factors between those in the diagrams and the tables
the gas temperature-time curve can be determined by interpolation. It must be
pointed out that the lowest and highest values of the opening factor have no sIg-
nificance In practice. They have been Included merely to facilitate translation of
fire processes in fire compartments with different surrounding structures into
fire processes in fire compartment A (see Subsection 4 4).
4 Conversion of fire process in another type of fire compartment into
a fire process In fire compartment type A (standard fire compartment)
For practical reasons, the design data In this handbook in the form of tables and
diagrams for direct determination of the maximum steel temperature have been
based only on the temperature-time curves for fire compartment type A (standard
fire compartment). However, these design data can also be used for other types
of fire compartments slnce the temperature-time curve In the fire compartment
in question can be translated into a temperature-time curve in fire compartment
type A by conversion of the actual fire load and opening factor into equivalent fire
OF = .01 
 
Swedish Curves, OF=.01
0
100
200
300
400
500
600
0 5000 10000 15000 20000 25000
Time (sec)
Te
m
pe
ra
tu
re
 (C
)
Series1 Series2 Series3 Series4 Series5 Series6 Series7 Series8  
 
OF = .02 
 
Sweidh Curves, OF=.02
0
100
200
300
400
500
600
700
800
900
0 5000 10000 15000 20000 25000
Time (sec)
Te
m
pe
ra
tu
re
 (C
)
Series1 Series2 Series3 Series4 Series5 Series6 Series7 Series8  
OF = .02
0
100
200
300
400
500
600
700
800
900
0 2000 4000 6000 8000 10000 12000
3 6 9 15 22.5 30 45 60  
 
 
OF=.04 
Swedish Curves, OF=.04
0
200
400
600
800
1000
1200
0 5000 10000 15000 20000 25000
Time (sec)
Te
m
pe
ra
tu
re
 (C
)
Series1 Series2 Series3 Series4 Series5 Series6 Series7 Series8  
OF = .04
0
200
400
600
800
1000
1200
0 2000 4000 6000 8000 10000 12000 14000 16000
Series1 Series2 Series3 Series4 Series5 Series6 Series7 Series8  
 
 
 
OF=.06
Swedish Curves, OF=.06
0
200
400
600
800
1000
1200
0 5000 10000 15000 20000 25000
Time (sec)
Te
m
pe
ra
tu
re
 (C
)
Series1 Series2 Series3 Series4 Series5 Series6 Series7 Series8  
OF = .06
0
200
400
600
800
1000
1200
0 50 100 150 200 250 300
 
 
 
 
 
OF=.08
Swedish Curves, OF=.08
0
200
400
600
800
1000
1200
1400
0 5000 10000 15000 20000 25000
Time (sec)
Te
m
pe
ra
tu
re
 (C
)
Series1 Series2 Series3 Series4 Series5 Series6 Series7 Series8  
OF = .08
0
200
400
600
800
1000
1200
1400
0 2000 4000 6000 8000 10000 12000 14000 16000
Swedish Curves, OF=.12
0
200
400
600
800
1000
1200
1400
0 5000 10000 15000 20000 25000
Time (sec)
Te
m
pe
ra
tu
re
 (C
)
Series1 Series2 Series3 Series4 Series5 Series6 Series7 Series8  
Swedish Curves, OF=.3
0
200
400
600
800
1000
1200
1400
0 5000 10000 15000 20000 25000
Time (sec)
Te
m
pe
ra
tu
re
 (C
)
Series1 Series2 Series3 Series4 Series5 Series6 Series7 Series8  
 
Appendix D
R
ef
er
en
ce
';!!
l!,
!::
,
T
il
l.
 ~
 :
~!
~"
 
;~
i :
U!
!::
; i
iii'
!!!
E 
W
i:;
 1
ii:;
:~
1i
m
ri!
~I
ii, ~
::
~
~
 Ii
i Ii 
Ii ~
:~
lli 
L;
 ii
IJ
~'
i1
i i
~i
lil
~l
rn
!l!
!f'
a!
!M
iim
~i
i!W
Jj!
!;"
iIiI
:~~
~"
'tll
iiu
"ii
iiil
li!i
l'..
1i$
liI~
i!i!
ii :
;iii
wm
:\'~
~fi
iii!
iii!
!i i
ii:;
:H
:;ii
ii~
iK
',i
,""
,o
id
$ji
JI:
jlJ
";i
im
iiIJ
ti!!
l~'
1\i
iiiW
~;c
\!ii
ll!~
!it:
Co
m
pa
ra
tiv
e 
stu
dy
 o
f t
he
 b
uc
kl
in
g 
of
 st
ee
l b
ea
m
s i
n 
Eu
ro
co
de
 3
 a
nd
 th
e 
Ru
ss
ia
n 
co
de
Eu
ro
co
de
 
be
am
bu
ck
lin
a
be
nd
 I
n 
a 
la
te
ra
l-
to
rs
io
na
l
Us
e 
of
 s
af
et
y 
fa
ct
or
s 
fo
r t
he
 d
es
ig
n 
of
 s
te
el
 s
tru
ct
ur
es
 a
cc
or
di
ng
 to
 th
e 
Eu
ro
co
de
s
Si
ru
ct
ur
al
 re
lia
bi
lit"
Li
m
it 
st
at
e 
de
sia
n
Pa
rti
al
 S
af
e 
tv
 F
ac
lo
rs
Co
m
bi
na
tio
n 
Fa
ct
or
s
Eu
ro
pe
an
 st
an
da
rd
 fa
m
ily
 a
nd
 it
s b
as
is
Eu
ro
co
de
s
St
ee
l
Un
W
ed
 D
es
ia
n 
Ru
le
s
Sa
m
ol
e 
ca
le
s
D
es
ig
n 
of
 u
n 
br
ac
ed
 m
ul
ti-
st
or
ey
 s
te
el
 fr
am
es
fra
m
es
sle
el
sw
a"
st
ru
ct
ur
al
 a
er
fo
rm
an
ce
E
u
r
o
c
o
de
 3
,
 
a 
ba
sis
 fo
r f
ur
th
er
 d
ev
el
op
m
en
t i
n 
joi
nt 
de
sig
n
St
ee
l S
tru
ct
ur
es
Jo
in
ts
Eu
ro
co
de
 
In
te
ra
ct
io
n 
fo
rm
ul
ae
 fo
r m
em
be
rs
 su
bje
cte
d t
o b
en
din
g a
nd
 ax
ial
 co
mp
res
sio
n i
n E
UR
OC
OD
E 3
-th
e
co
m
n
re
ss
lo
n
M
et
ho
d 
2 
ap
pr
oa
ch
in
te
ra
ct
io
n 
fo
rm
ul
ae
bu
ck
lln
a
Eu
ro
co
de
 
D
es
ig
n 
ba
sis
 o
f L
ith
ua
ni
an
 st
ee
l a
nd
 a
lu
m
in
iu
m
 st
ru
ct
ur
e 
co
de
s a
nd
 th
ei
r r
el
at
io
ns
 to
 E
ur
oc
od
e
St
ee
l S
tru
ct
ur
es
Al
um
in
um
 S
tru
ct
ur
es
D
es
ia
n 
Co
de
s
El
as
tic
 D
es
ia
n
Pl
as
tic
 D
es
in
n
Se
ct
io
n 
re
sis
ta
nc
e
bu
ck
lIn
G
Co
nn
ec
tio
ns
A
n 
eq
ui
va
le
nt
 st
iff
ne
ss
 a
pp
ro
ac
h 
fo
r m
od
el
lin
g 
th
e 
be
ha
vi
ou
r o
f c
om
pr
es
sio
n 
m
em
be
rs
 a
cc
or
di
ng
 to
co
m
n
re
ss
io
n
E
u
r
o
c
o
de
 3
fra
m
es
de
sin
n 
an
cr
o
ac
he
s
bu
ck
lln
n 
cu
rv
es
fle
xu
ra
l s
tif
fn
es
s
a
xi
al
 s
tif
fn
es
s
Eu
ro
co
de
 
K
10
Ca
lc
ul
at
io
n 
of
 te
m
pe
ra
tu
re
 in
 fi
re
-e
xp
os
ed
 b
ar
e 
ste
el
 st
ru
ct
ur
es
: C
om
pa
ris
on
 b
et
w
ee
n 
EN
V
 1
99
3-
St
ee
l
a
n
d 
EN
 1
99
3-
Te
m
pe
ra
tu
re
 C
al
cu
la
tio
n
Sa
m
ol
e 
ca
lc
s
Si
m
pl
e 
M
od
el
Eu
ro
co
de
s
K
11
Se
ns
itiv
ity
 s
tu
dy
 o
f t
im
e 
de
la
y 
co
ef
fic
ie
nt
 o
f h
ea
t t
ra
ns
fe
r f
or
m
ul
at
io
ns
 fo
r i
ns
ul
at
ed
 s
te
el
 m
em
be
rs
In
su
la
te
d 
m
em
be
r
ex
po
se
d 
to
 fi
re
th
er
m
al
 a
na
lv
si
s
tim
e 
de
la
v
Eu
ro
co
de
 
st
ee
l
K
12
A
dv
an
ce
d 
an
al
ys
is 
of
 st
ee
l f
ra
m
ed
 b
ui
ld
in
gs
 u
sin
g 
th
e 
Br
az
ili
an
 st
an
da
rd
 a
nd
 E
ur
oc
od
e-
st
ru
ct
ur
al
 a
na
lv
sis
fra
m
es
Pl
as
tic
 D
es
io
n
El
as
tic
 D
es
ia
n
K
15
Co
m
m
en
ts
 o
n 
ca
lcu
la
tio
n 
of
 te
m
pe
ra
tu
re
 in
 fi
re
-e
xp
os
ed
 h
ar
e 
st
ee
l s
tru
ct
ur
es
 in
 p
rE
N 
19
93
-
sh
or
t c
om
m
un
ic
at
io
n
Eu
ro
co
de
 3
-d
es
ig
n 
of
 s
te
el
 s
tru
ct
ur
es
-P
ar
t 1
-2
: !
!e
ne
ra
l r
u
le
s-
st
ru
ct
ur
al
 fi
re
 de
si!
!n
K
16
La
te
ra
l-t
or
sio
na
l b
uc
kl
in
g 
of
 u
nr
es
tra
in
ed
 st
ee
l h
ea
m
s u
nd
er
 fi
re
 c
on
di
tio
ns
: i
m
pr
ov
em
en
t o
f E
C3
St
ee
l S
tru
ct
ur
es
pr
op
os
al
ia
te
ra
i- t
or
sio
na
l
Eu
ro
co
de
 
N
um
er
ic
al
 M
od
el
in
a
K
17
N
ew
 in
te
ra
ct
io
n 
fo
rm
ul
ae
 fo
r b
ea
m
-c
ol
um
ns
 in
 E
ur
oc
od
e 
3:
 T
he
 F
re
nc
h-
Be
lg
ia
n 
ap
pr
oa
ch
In
te
ra
ct
io
n 
fo
rm
ul
ae
be
am
-c
ol
um
n
bu
ck
lin
a
be
nd
ln
a
K
20
Th
e 
ef
fe
ct
 o
f r
es
id
ua
l s
tre
ss
es
 in
 th
e 
la
te
ra
l- t
or
sio
na
l b
uc
kl
in
g 
of
 st
ee
l I
-b
ea
m
s a
t e
le
va
te
d 
te
m
pe
ra
tu
re
re
si
du
al
 s
tre
ss
es
la
te
ra
l- t
or
sio
na
l
th
er
m
al
 a
na
lv
si
s
K
21
N
um
er
ic
al
 m
od
el
lin
g 
of
 st
ee
l b
ea
m
-c
ol
um
ns
 in
 c
as
e 
o
ff
ir
e-
-c
om
pa
ri
so
ns
 w
it
h 
Eu
ro
co
de
 3
be
am
-c
ol
um
n
bu
ck
lin
a
la
te
ra
l- t
or
sio
na
l
Eu
ro
co
de
 
N
um
er
ic
al
 M
od
el
in
a
K
23
N
ew
 p
ro
po
sa
ls 
fo
r t
he
 d
es
ig
n 
of
 st
ee
l b
ea
m
-c
ol
um
ns
 in
 c
as
e 
of
 fi
re
,
 
in
cl
ud
in
g 
a 
ne
w
 a
pp
ro
ac
h 
fo
r t
he
st
ee
l
la
te
ra
l-t
or
si
on
al
 h
uc
kl
in
g
be
am
-c
ol
um
n
la
te
ra
l-
to
rs
io
na
l
Eu
ro
co
de
 
N
um
er
ic
al
 M
od
el
in
a
fir
e 
en
ai
ne
er
in
a
K
24
Th
e 
na
tu
ra
l f
ire
 s
af
et
y 
co
nc
ep
t-f
ul
l-s
ca
le
 te
sts
 a
t C
ar
di
ng
to
n
Fi
re
 S
af
et
v
Eu
ro
co
de
s
Fu
ll-
sc
al
e 
fir
e 
te
st
s
Co
m
pa
rtm
en
t F
ire
s
Pa
ra
m
et
ric
K
26
Se
ns
iti
vi
ty
 a
na
ly
sis
 o
f h
ea
t t
ra
ns
fe
r f
or
m
ul
at
io
ns
 fo
r i
ns
ul
at
ed
 st
ru
ct
ur
al
 st
ee
l c
om
po
ne
nt
s
in
su
la
te
d 
m
em
be
r
St
ee
l S
lru
ct
ur
es
th
er
m
al
 a
na
lv
si
s
fir
e 
en
ai
ne
er
in
a
K
27
I
m
p
r
o
v
e
m
e
n
t
 
o
f 
th
e 
in
te
ra
ct
io
n 
fo
rm
ul
ae
 f
or
 b
ea
m 
co
lu
mn
s 
in
 E
ur
oc
od
e 
bu
ck
lin
a
a
xi
al
 b
en
di
na
in
te
ra
ct
io
n 
fo
rm
ul
ae
be
am
-c
ol
um
n
El
as
tic
-P
la
sti
c 
de
sia
n
N
um
er
ic
al
 M
od
et
in
a
K
29
D
ev
el
op
m
en
ts 
to
w
ar
ds
 fu
ll 
pr
ob
ab
ili
sti
c 
de
sig
n 
co
de
s
D
es
ia
n 
Co
de
s
Pr
ob
ab
ili
sti
c 
D
es
ia
n
K
30
A
n 
ef
fic
ie
nt
 a
nd
 d
ire
ct
 m
et
ho
d 
fo
r h
uc
ld
in
g 
an
al
ys
is 
of
 st
ee
l f
ra
m
e 
str
uc
tu
re
s
bu
ck
lin
Q
st
ee
l s
tru
ct
ur
es
El
as
tic
 D
es
ia
n
st
ru
ct
ur
al
 a
na
lv
sis
K
32
R
el
ia
bi
lit
y 
an
al
ys
is 
of
 st
ee
l c
on
ne
ct
io
n 
co
m
po
ne
nt
s b
as
ed
 o
n 
FE
M
FE
M
st
ee
l
R
el
ia
bi
/it
v
K
34
D
es
ig
n 
ph
ilo
so
ph
y 
of
 E
ur
oc
od
es
 -
 
ba
ck
gr
ou
nd
 i
nf
or
ma
ti
on
Eu
ro
co
dB
s
St
ai
nl
es
s S
te
el
Li
m
it 
st
at
e 
de
sia
n
R
et
ia
bi
/it
v
R
ot
at
io
n 
ca
pa
cit
v
Fi
lle
t W
el
ds
K
35
A
 
c
o
m
p
a
r
a
t
iv
e 
st
ud
y 
of
 t
he
 d
es
ig
n 
ba
si
s 
of
 t
he
 R
us
si
an
 S
te
el
 S
tr
uc
tu
re
s 
Co
de
 a
nd
 E
ur
oc
od
e 
Ax
ia
l C
om
or
es
sio
n
be
nd
in
a
Cr
os
s-
se
ct
io
n 
cla
ss
ific
at
io
n
Eu
ro
co
de
 
lo
ca
l b
uc
kl
in
a
K
37
A
 
kn
ow
le
dg
e-
ba
se
d 
sy
st
em
 a
pp
ro
ac
h 
fo
r 
co
de
-c
he
ck
in
g 
of
 s
te
el
 s
tr
uc
tu
re
s 
ac
co
rd
in
g 
to
 E
ur
oc
od
e 
Eu
ro
co
de
 
st
ee
l
de
cis
io
n 
m
ak
in
a
K
45
St
ud
y 
of
 E
ur
oc
od
e 
3 
ste
el
 c
on
ne
ct
io
n 
cl
as
sif
ic
at
io
n
Eu
ro
co
de
 
Co
nn
ec
tio
ns
de
siG
n
dr
ift
fra
m
e
se
m
i-r
iG
id
 s
te
el
 c
on
st
ru
ct
io
n
K
46
A
 n
ew
 lo
ok
 a
t E
ur
oc
od
e 
3
Eu
ro
co
de
 
de
siG
n
St
ee
l S
tru
ct
ur
es
St
ru
ct
ur
al
 d
es
iG
n
K
48
St
at
ist
ic
al
 a
na
ly
sis
 o
f f
ire
 te
sts
 o
n 
ste
el
 b
ea
m
s a
nd
 c
ol
um
ns
 to
 E
ur
oc
od
e 
3,
 P
ar
t 1
.2
St
ee
l S
tru
ct
ur
es
Eu
ro
co
de
 
St
ru
ct
ur
al
 d
es
iG
n
Sa
m
ol
e 
ca
le
s
Ad
ao
tio
n 
fa
ct
or
s
Th
er
m
al
 a
na
lv
sl
s
K
49
A
 si
m
pl
e 
m
od
el
 fo
r t
he
 fi
re
 re
sis
ta
nc
e 
of
 a
xi
al
ly
- lo
ad
ed
 m
em
be
rs
 a
cc
or
di
ng
 to
 e
ur
oc
od
e 
3
st
ru
ct
ur
al
 a
na
lv
si
s
Eu
ro
co
de
 
N
um
er
ic
al
 m
od
el
in
G
bu
ck
lin
a
K
55
N
ew
 d
ire
ct
io
ns
 in
 E
ur
op
ea
n 
str
uc
tu
ra
l s
te
el
 d
es
ig
n
st
ee
l
D
es
ia
n 
Co
de
s
Eu
ro
co
de
s
K
60
St
ru
ct
ur
al
 F
ire
 P
er
fo
rm
an
ce
 o
f S
te
el
 P
or
ta
l F
ra
m
e 
Bu
ild
in
gs
po
rta
l
K
61
Im
pl
ica
tio
ns
 o
f t
he
 S
tru
ct
ur
al
 E
ur
oc
od
es
 fo
r F
ire
 S
af
et
y 
De
sig
n 
in
 th
e 
UK
Eu
ro
co
de
s
fir
e 
sa
fe
tv
 e
na
ln
ee
rin
a
Fi
re
 c
od
es
K
62
Fi
re
 S
af
et
Y 
En
~i
ne
er
in
~ 
an
d 
th
e 
St
ru
ct
ur
al
 E
ur
oc
od
es
K
64
Ca
lcu
la
tio
n 
of
 T
em
pe
ra
tu
re
 in
 F
ire
-E
xp
os
ed
 B
ar
e 
St
ee
l S
tru
ct
ur
es
: C
om
pa
ris
on
 B
et
we
en
 E
NV
 1
99
3-
Eu
ro
co
de
 
2 
an
d 
EN
 1
99
3-
St
ee
l
Te
m
oe
ra
tu
re
 C
al
cu
la
tio
n
K
70
N
um
er
ic
al
 M
od
el
in
g 
of
 L
at
er
al
- T
or
sio
na
l B
uc
kl
in
g 
of
 S
te
el
 I-
B
ea
m
s U
nd
er
 F
ire
la
te
ra
l-t
or
sio
na
l
N
um
er
ic
al
 M
od
el
in
o
Eu
ro
co
de
 
K
71
U
se
 o
f E
ur
oc
od
es
 fo
r P
er
fo
rm
an
ce
-B
as
ed
 D
es
i~
n 
of
 C
on
str
uc
tio
ns
.
K
74
Ex
am
pl
es
 o
f C
al
cu
la
tio
n 
of
 F
ire
 R
es
ist
an
ce
 o
f t
he
 S
te
el
 M
em
be
rs
 A
cc
or
di
ng
 to
 th
e 
Eu
ro
pe
an
R
ec
om
m
en
da
tio
ns
 o
fE
CC
S 
TC
3
K
75
In
tro
du
ct
io
n 
to
 th
e 
M
ec
ha
ni
ca
l P
ro
D
er
tie
s o
f S
tru
ct
ur
al
 S
te
el
 a
t E
le
va
te
d 
Te
m
D
er
at
ur
es
K
81
In
te
ra
ct
io
n 
Be
tw
ee
n 
A
ct
iv
e 
Fi
re
 S
af
et
v 
M
ea
su
re
s a
nd
 R
eq
ui
re
d 
St
ru
ct
ur
al
 F
ire
 P
ro
te
ct
io
n.
K
82
Sh
or
t H
ist
or
y 
of
 th
e 
St
ru
ct
ur
al
 F
ire
 P
ro
te
ct
io
n 
of
 B
ui
ld
in
es
 P
ar
tic
ul
ar
v 
in
 E
ne
la
nd
.
K
83
EE
C 
Pr
op
os
al
s f
or
 A
ch
ie
vi
ne
 C
om
m
on
 S
ta
nd
ar
ds
 o
f S
tru
ct
ur
al
 F
ire
 P
ro
te
ct
io
n.
K
S4
St
ru
ct
ur
al
 F
ir
e 
Sa
fe
ty
--
D
o 
W
e 
N
ee
d 
Ti
eh
te
r B
ui
ld
in
e 
Re
eu
la
tio
ns
?
K
85
R
el
ia
bi
litv
 o
f S
tru
ct
ur
al
 F
ire
 P
ro
te
ct
io
n
K
88
B
eh
av
io
ur
 o
f a
 sm
al
l c
om
po
sit
e 
ste
el
 fr
am
e 
str
uc
tu
re
 in
 a
 "
lo
ng
-c
oo
l"
 a
nd
 a
 "
sh
or
t-h
ot
" f
ire
fra
m
es
n
a
tu
ra
l f
ire
s
de
siG
n 
fir
es
st
ru
ct
ur
al
 a
na
lv
si
s
st
ru
ct
ur
al
 n
er
fo
rm
an
ee
K
90
A
 st
ru
ct
ur
al
 a
na
ly
sis
 o
f t
he
 fi
rs
t C
ar
di
ng
to
n 
te
st
Ca
rd
in
G
to
n
st
ru
ct
ur
al
 a
na
lv
sls
FE
M
K
91
M
od
el
lin
g 
he
at
ed
 c
om
po
sit
e 
flo
or
 sl
ab
s w
ith
 re
fe
re
nc
e 
to
 th
e 
Ca
rd
in
gt
on
 e
xp
er
im
en
ts
C
o
m
p
u
t
e
r
 
M
o
de
li
nG
Ca
rd
in
G
to
n
K
93
N
um
er
ic
al
 D
re
di
ct
io
n 
of
 h
ea
t t
ra
ns
fe
r t
o 
a 
ste
el
 h
ea
m
 in
 a
 fi
re
K
94
Th
e 
Sw
ed
ish
 C
as
e 
St
ud
y:
 D
iff
er
en
t F
ire
 S
af
et
y 
D
es
ig
n 
M
et
ho
ds
 A
pp
lie
d 
on
 a
 H
ig
h 
Ri
se
 B
ui
ld
in
g
ris
k 
an
al
vs
is
e
rfo
rm
an
ee
 b
as
ed
 d
es
ia
n
fir
e 
en
G
in
ee
rin
G
K
95
Th
e 
Sw
ed
ish
 C
as
e 
St
ud
y:
 F
ire
 S
af
et
y 
D
es
ig
n 
fo
r a
 M
ul
tit
en
an
t B
us
in
es
s O
cc
up
an
cy
ris
k 
an
al
vs
is
e
rfo
rm
an
ee
 b
as
ed
 d
es
ia
n
fir
e 
en
G
in
ee
rin
G
K
9B
D
es
ig
n 
of
 L
ig
ht
 S
te
el
- f
ra
m
ed
 W
al
ls 
fo
r F
ire
 R
es
ist
an
ce
Fu
ll-
sc
al
e 
fir
e 
te
st
s
Th
er
m
al
 a
na
lv
si
s
St
ee
l s
tru
ct
ur
es
St
ru
ct
ur
al
 d
es
ia
n
K
9B
N
IS
T-
SF
PE
 W
or
ks
ho
p 
fo
r D
ev
el
op
m
en
t o
f a
 N
at
io
na
l R
&
D
 R
oa
dm
ap
 fo
r S
tru
ct
ur
al
 F
ire
 S
af
et
y
fir
e 
en
oi
ne
er
in
o
D
es
ig
n 
an
d 
Re
tro
fit
 o
f S
tru
ct
ur
es
: P
ro
ce
ed
in
gs
D
es
ia
n 
Co
de
s
D
es
ia
n 
Fi
re
s
St
ru
ct
ur
al
 A
na
lv
sis
st
ru
ct
ur
al
 a
er
fo
rm
an
ee
K
99
Fi
re
 P
ro
te
ct
io
n 
fo
r S
tru
ct
ur
al
 S
te
el
 in
 B
ui
ld
in
gs
. T
hi
rd
 E
di
tio
n 
(R
ev
ise
d 2
00
4).
St
ee
l s
tru
ct
ur
es
m
e
m
be
r s
ize
s
st
ru
ct
ur
al
 a
er
fo
rm
an
ce
fir
e 
re
sis
tiv
e 
m
at
er
ia
ls
D
es
ia
n 
Co
de
s
K
10
1
Fi
re
 P
ro
te
ct
io
n 
of
 S
tru
ct
ur
al
 S
te
el
 in
 H
ig
h 
Ri
se
 B
ui
ld
in
gs
fir
e 
re
sis
tiv
e 
m
at
er
ia
ls
Sl
ee
l s
lru
ct
ur
es
st
ru
ct
ur
al
 n
er
fo
rm
an
ce
fir
e 
te
sls
K
10
4
R
e
q
u
ir
ed
 P
ro
pe
rt
ie
s 
o
f H
ig
h-
Pe
rfo
rm
an
ce
 
St
ee
ls
o
es
ia
n 
Co
de
s
St
ee
l s
tru
cl
ur
es
el
as
tic
 d
es
ia
n
la
sti
c 
de
sin
n
K
10
5
ST
RU
CT
U
RA
L 
FI
RE
 D
ES
IG
N
 O
F 
U
N
PR
O
TE
CT
ED
 S
TE
EL
 B
EA
M
S 
SU
PP
O
RT
IN
G
 C
O
M
PO
SI
TE
fir
e 
en
ai
ne
er
in
a
FL
O
O
R 
SL
AB
S.
m
e
m
br
an
e 
ac
tio
n
u
n
pr
ot
ec
te
d 
st
ee
l
co
m
po
sil
e 
slr
uc
tu
re
s
K
10
6
FI
R
E 
AS
 A
 B
UI
LD
IN
G
 D
ES
IG
N 
LO
AD
de
sia
n 
fir
es
de
sln
n 
lo
ad
s
Sa
m
al
e 
ca
le
s
ris
k 
an
al
vs
is
K
10
7
PR
ED
IC
TI
O
N 
O
F 
TH
E 
ST
RU
CT
UR
AL
 F
IR
E 
PE
RF
O
RM
AN
CE
 O
F 
BU
IL
DI
NG
S
st
ru
cl
ur
al
 n
er
fo
rm
an
ce
fir
e 
le
sls
K
10
8
Th
e 
R
ol
e 
of
 S
ta
nd
ar
ds
 in
 a
 P
er
fo
rm
an
ce
-b
as
ed
 B
ui
ld
in
g 
Re
gu
la
to
ry
 S
ys
te
m
de
sia
n 
co
de
s
e
rfo
rm
an
ce
 s
ta
nd
ar
ds
re
n
u
la
lo
rv
 s
vs
te
m
s
e
r
fo
rm
an
ce
 b
as
ed
 d
es
in
n
K
11
0
Co
up
le
d 
fir
e 
dy
na
m
ic
s a
nd
 th
er
m
al
 re
sp
on
se
 o
f c
om
pl
ex
 b
ui
ld
in
g 
str
uc
tu
re
s
Ih
er
m
al
 a
na
lv
si
s
fir
e 
dv
na
m
ics
Co
m
au
le
r m
od
el
in
n
K
11
1
St
at
us
 o
f P
er
fo
rm
an
ce
 F
ire
 C
od
es
 in
 th
e 
US
A
e
rfo
rm
an
ce
 b
as
ed
 d
es
ia
n
re
a
u
la
lo
rv
 s
vs
le
m
s
bu
ild
i,,
;' 
co
de
s
K
11
2
Fi
re
 C
od
es
 fo
r G
lo
ba
l P
ra
ct
ic
e
Fi
re
 c
od
es
de
sia
n 
co
de
s
K
11
3
In
te
rn
at
io
na
l A
ct
iv
iti
es
 fo
r D
ev
el
op
in
g 
Pe
rfo
rm
an
ce
-ba
se
d 
Fi
re
 C
od
es
 F
ir
e 
Sa
fe
ty
e
r
fo
rm
an
ce
 b
as
ed
 d
es
ia
n
in
te
rn
at
io
na
l
K
11
4
PR
ED
IC
TI
NG
 T
HE
 F
IR
E 
PE
RF
O
RM
AN
CE
 O
F 
BU
IL
DI
NG
S:
 E
ST
 A
BL
IS
HI
NG
 A
PP
RO
PR
LW
E
de
sia
n 
fir
es
CA
LC
U
LA
TI
O
N
 M
ET
H
O
D
S 
FO
R 
RE
G
U
LA
TO
RY
 A
PP
LI
CA
TI
O
N
S
co
m
n
u
te
r m
od
el
in
a
ris
k 
an
al
vs
is
fir
e 
oe
rfo
rm
an
ce
K
11
5
Se
tti
ng
 P
er
fo
rm
an
ce
 O
bje
cti
ve
s: 
Ho
w 
do
 w
e d
eci
de
 w
ha
t p
erf
orm
an
ce 
the
 co
de
s i
nte
nd
?
e
rfo
rm
an
ce
 b
as
ed
 d
es
ia
n
de
sia
n 
co
de
s
co
de
 
ec
tiv
es
K
11
6
Pe
rfo
rm
an
ce
 B
as
ed
 C
od
es
: E
co
no
m
ic
 E
ffi
ci
en
cy
 a
nd
 D
ist
rib
ut
io
na
l E
qu
ity
.
e
r
fo
rm
an
ce
 b
as
ed
 d
es
tn
n
e
c
o
n
o
m
ic
 i
m"
ac
ts
K
11
7
Pr
og
re
ss
 T
ow
ar
ds
 A
 P
er
fo
rm
an
ce
-B
as
ed
 C
od
es
 S
ys
te
m
 fo
r t
he
 U
ni
te
d 
St
at
es
e
r
fo
rm
an
ce
 b
as
ed
 d
es
/a
n
st
an
da
rd
s
co
de
 c
om
aa
ris
on
co
de
 h
isi
oN
K
11
8
Fi
re
 R
es
ist
an
ce
 o
f S
te
el
 F
ra
m
e 
Bu
ild
in
gs
,
 
20
06
 E
di
tio
n,
St
ee
l s
tru
ct
ur
es
fra
m
es
fir
e 
re
sis
tiv
e 
m
at
er
ia
ls
t
he
rm
al
 a
na
lV
si
s
Eu
ro
co
de
s
K
11
9
A
pp
lic
at
io
n 
an
d 
U
se
 o
f t
he
 E
ur
oc
od
es
Eu
ro
co
de
s
K
12
0
Fi
re
 R
es
ist
an
ce
 D
et
er
m
in
at
io
n 
an
d 
Pe
rfo
rm
an
ce
 P
re
di
ct
io
n 
Re
se
ar
ch
 N
ee
ds
 W
or
ks
ho
p:
 P
ro
ce
ed
in
gs
fir
e 
re
sis
tiv
e 
m
at
er
ia
ls
fir
e 
te
st
s
st
ru
ct
ur
a~
er
fo
rm
an
ce
K
12
1
Pe
rfo
rm
an
ce
 B
as
ed
 C
od
es
 - 
Th
e 
Sw
ed
ish
 E
xp
er
ie
nc
e
D
es
ig
n 
Co
de
s
K
12
2
Fu
nd
am
en
ta
l p
rin
ci
pl
es
 o
f s
tru
ct
ur
al
 h
eh
av
io
ur
 u
nd
er
 th
er
m
al
 e
ffe
ct
s
th
er
m
al
 e
xo
an
sio
n
th
er
m
al
 b
ow
in
o
th
er
m
al
 re
st
ra
in
t
n
o
n
-li
ne
ar
 re
s"
on
se
K
12
3
Fi
re
 E
n!
!in
ee
rin
l! 
A
pp
ro
ac
i a
nd
 D
isc
us
sio
n 
on
 th
e 
D
es
il!
n 
Fi
re
K
12
4
D
es
il!
n 
Fi
re
s 
fo
r S
tru
ct
ur
al
 P
er
fo
rm
an
ce
K
12
5
L
it
er
at
ur
e 
Re
vi
ew
 o
n 
De
si
gn
 F
ir
es
de
sia
n 
fir
es
fir
e 
~a
m
ics
e
rfo
rm
an
ce
 b
as
ed
 d
es
io
n
fir
e 
sa
fe
tv
 e
na
in
ee
rin
a
K
12
6
As
se
ss
m
en
t o
f P
re
 fo
rm
a 
ne
e-
B
as
ed
 R
eQ
uir
em
en
ts 
for
 St
ruc
tur
al 
De
si!
!n
K
12
7
D
ev
el
op
in
l! 
St
an
da
rd
s f
or
 F
SE
 W
ith
in
 IS
O
 T
C 
92
/S
C4
K
12
8
Se
le
ct
io
n 
of
 D
es
il!n
 F
ire
 S
ce
na
rio
s 
in
 P
er
fo
rm
an
ce
 B
ae
d 
Fi
re
 S
af
ev
 D
es
i!!
n 
of
 B
ui
ld
in
!!s
K
12
9
D
ev
el
op
m
en
t o
f D
es
i!!
n 
Fi
re
s f
or
 B
ui
ld
in
!!s
K
13
0
Co
rre
la
tio
n 
Be
tw
ee
n 
th
e 
Se
ve
rit
ie
s o
f t
he
 A
ST
M
 E
l1
9 
an
d 
IS
O
 8
34
 F
ire
 E
xp
os
ur
es
K
13
1
Pr
in
ci
pl
es
 o
f S
tru
ct
ur
al
 F
ire
-E
ng
in
ee
rin
g 
D
es
ig
n 
W
ith
 S
pe
ci
al
 R
eg
ar
d 
to
 th
e 
Co
nn
ec
tio
n 
Be
tw
ee
n 
Re
al
Fi
re
 E
xp
os
ire
 a
nd
 th
e 
He
at
in
!! 
Co
nd
itio
ns
 o
f t
he
 S
ta
nd
ar
d 
Fi
re
-R
es
is
ta
nc
e 
Te
st
 (IS
O 
83
4)
K
13
2
Te
m
pe
ra
tu
re
 C
al
cu
la
tio
ns
 o
f B
ar
e 
an
d 
In
su
la
te
d 
St
ee
l S
tru
ct
ur
es
 E
xp
os
ed
 to
 S
ta
nd
ar
d 
IS
O
 8
34
K
13
3
R
ev
ie
w
 o
f t
he
 T
em
pe
ra
tu
re
/T
im
e 
Cu
rv
e 
U
se
d 
in
 B
S 
47
6 
an
d 
IS
O
 8
34
 T
es
ts
K
13
4
Tr
en
ds
 in
 D
es
i!!
n 
M
et
ho
ds
 fo
r S
tru
ct
ur
al
 F
ire
 S
af
el
Y
K
13
5
Im
ol
em
en
ta
tio
n 
of
 th
e 
St
ru
ct
ur
al
 E
ur
oc
od
es
 in
 th
e 
U
K
Eu
ro
co
de
s
K
13
6
H
ow
 d
es
ig
n 
fir
es
 c
an
 b
e 
us
ed
 in
 fi
re
 h
az
ar
d 
an
al
ys
is
de
sin
n 
fir
es
ris
k 
an
ai
vs
ls
ha
za
rd
 a
ss
es
sm
en
t
sa
;n
;;;
e
K
13
7
P
r
o
ba
bi
li
st
ic
 s
im
ul
at
io
n 
o
f 
fi
re
 
sc
en
ar
io
s
ris
k 
an
al
vs
ls
co
m
a
u
te
r m
od
ei
ln
a
fir
e 
sc
en
ar
io
fir
e 
na
ra
m
et
er
s
K
13
8
B
eh
av
io
r o
f S
tru
ct
ur
es
 in
 F
ire
 a
nd
 R
ea
l D
es
ig
n-
A
 C
as
e 
St
ud
y
fir
e 
en
ol
ne
er
in
a
de
Sf
nn
 fi
re
s
st
ru
ct
ur
ei
 n
er
fo
rm
an
ce
th
er
m
al
 e
xa
an
si
on
e
rfo
rm
an
ce
 b
as
ed
 d
es
le
,"
re
sc
rin
ilv
e 
de
sin
n
st
ee
l s
tru
ct
ur
es
co
m
a
u
te
r m
od
el
in
a
de
sin
n 
co
m
na
ris
on
s
K
13
9
Fi
re
 In
du
ce
d 
Pr
og
re
ss
iv
e 
Co
lla
ps
e
r
o
n
r
e
s
s
lv
e 
co
lf
aa
se
ta
lf 
bu
ifd
in
as
st
ru
ct
ur
al
 n
er
fo
rm
an
ce
n
o
n
-li
ne
ar
 re
sn
on
se
fir
e 
en
n/
ne
er
in
n
re
du
nd
an
cv
fir
e 
te
st
s
K
14
0
K
ey
 e
ve
nt
s i
n 
th
e 
str
uc
tu
ra
l r
es
po
ns
e 
of
 a
 c
om
po
sit
e 
ste
el
 fr
am
e 
str
uc
tu
re
 in
 fi
re
co
m
n
o
sl
te
 s
tru
ct
ur
es
st
ru
ct
ur
al
 a
er
fo
rm
an
ce
st
ee
l s
tru
ct
ur
es
c
o
,
w
;
o
s
it
e 
st
ru
ct
ur
es
co
m
n
u
te
r m
od
el
in
a
t
he
rm
al
 a
aa
7V
Si
s
K
14
1
A
ss
es
sm
en
t o
f t
he
 F
ire
 R
es
ist
an
ce
 T
es
t W
ith
 R
es
oe
ct
 to
 B
ea
m
s i
n 
Re
al
 S
tru
ct
ur
es
K
14
2
In
no
va
tiv
e 
St
ru
ct
ur
al
 E
n!
!in
ee
rin
!! 
fo
r T
al
l B
ui
ld
in
!!s
 in
 F
ire
K
14
3
Be
ha
vi
ou
r o
f s
te
el
 fr
am
ed
 s
tru
ct
ur
es
 u
nd
er
 fi
re
 c
on
di
tio
ns
K
14
5
R
ec
en
t d
ev
el
op
m
en
ts
 in
 F
ire
 D
es
ig
n
fir
e 
(j;;
na
mi
cs
co
m
o
u
te
r m
od
el
in
n
th
er
m
al
 a
na
lv
sl
s
st
ee
l s
tru
ct
ur
es
K
14
6
Pe
rfo
rm
an
ce
 C
rit
er
ia
 U
se
d 
in
 F
ire
 S
af
et
y 
D
es
ig
n
Pe
rfo
rm
an
ce
 C
rit
er
ia
Fi
re
 s
af
et
v
bu
ild
in
o 
co
de
s
K
14
7
H
ea
t t
ra
ns
fe
r a
na
ly
sis
 o
fth
e 
co
m
po
sit
e 
sla
b 
in
 th
e 
Ca
rd
in
gt
on
 fr
am
e 
fir
e 
te
sts
Ca
rd
in
nt
on
fra
m
e
co
m
n
o
si
te
 s
la
bs
fir
e 
te
st
s
K
14
8
A
 st
ru
ct
ur
al
 a
na
ly
sis
 o
fth
e 
fir
st 
Ca
rd
in
gt
on
 te
st
co
m
n
o
si
te
 s
la
bs
FE
M
Ca
rd
in
nt
on
re
st
ra
in
de
d 
be
am
K
14
9
A
n 
an
al
ys
is 
of
 th
e 
gl
ob
al
 st
ru
ct
ur
al
 b
eh
av
io
ur
 o
f t
he
 C
ar
di
ng
to
n 
ste
el
-fr
am
ed
 b
ui
ld
in
g 
du
rin
g 
th
e 
tw
o
Ca
rd
in
ot
on
B
R
E 
fir
e 
te
sts
fir
e 
te
st
s
to
ba
l b
eh
av
io
r
K
15
0
Th
e 
str
uc
tu
ra
l b
eh
av
io
ur
 o
f s
te
el
 c
ol
um
ns
 d
ur
in
g 
a 
co
m
pa
rtm
en
t f
ire
 in
 a
 m
ul
ti-
sto
re
y 
br
ac
ed
 st
ee
l-
co
lu
m
ns
fra
m
e
fu
tl 
sc
al
e 
te
st
s
t
he
rm
al
 a
na
/"
si
s
st
ab
ili
tv
K
15
1
Co
m
pa
ris
io
n 
of
 th
e 
te
m
pe
ra
tu
re
 d
ist
rib
ut
io
n 
in
 is
ol
at
ed
 st
ee
l c
ol
um
ns
 te
ste
d 
in
 tw
o
 
fu
rn
ac
es
co
lu
m
ns
fir
e 
te
st
s
st
ee
l
th
er
m
al
 a
na
lv
si
s
K
15
2
Si
m
pl
ifi
ed
 D
es
ig
n 
of
 F
ire
 E
xp
os
ed
 C
on
cr
et
e 
Be
am
s a
nd
 C
ol
um
ns
Eu
ro
co
de
s
Sw
ed
ish
 B
ui
ld
ln
o 
Co
de
co
n
cr
e
te
 s
tru
ct
ur
es
st
ru
ct
ur
a~
rfo
rm
an
ce
th
er
m
al
 a
na
lv
sl
s
K
15
3
Po
st
 fl
as
h-
ov
er
 d
es
ig
n 
fir
es
de
sin
n 
fir
es
ar
am
et
rlc
 
fir
e 
cu
rv
es
co
m
o
u
te
r m
od
el
in
n
fir
e 
te
st
s
K
15
4
Ex
am
pl
es
 o
f f
ire
 e
ng
in
ee
rin
g 
de
sig
n 
fo
r s
te
el
 m
em
be
rs
, u
sin
g 
a 
st
an
da
rd
 c
ur
ve
 v
er
su
s 
a 
ne
w 
pa
ra
m
et
ric
st
ee
l
fir
e 
en
ni
ne
er
ln
n
cu
rv
e
fir
e 
cu
rv
es
co
m
n
ar
isi
on
s
K
15
5
P
a
r
a
m
e
t
r
ic
 t
em
pe
ra
tu
re
-
tim
e 
cu
rv
es
 o
f m
ed
iu
m
 c
om
pa
rtm
en
t "
fir
es
 fo
r s
tru
ct
ur
al
 d
es
ig
n
a
ra
m
e
tri
c 
fir
e 
cu
rv
es
co
m
n
a
rtm
en
t f
ire
s
c
o
m
n
u
t
e
r
 
m
o
de
li
nG
K
15
6
Po
st
-f
la
sh
ov
er
 fi
re
s f
or
 st
ru
ct
ur
al
 d
es
ig
n
fir
e 
cu
rv
es
Eu
ro
ca
de
s
a
st
 fl
as
ho
ve
r
K
15
7
SP
RE
A
D
SH
EE
T 
M
ET
H
O
D
 F
O
R 
TE
M
PE
RA
TU
RE
 C
A
LC
U
LA
TI
O
N
 O
F 
U
N
PR
O
TE
CT
ED
th
er
m
al
 a
ne
lv
si
s
ST
EE
LW
O
RK
 S
U
BJ
EC
T 
TO
 F
IR
E
he
at
 tr
en
sf
er
st
ee
l
K
15
8
E
x
p
e
r
im
en
ta
l 
be
ha
vi
ou
r 
o
f 
a 
st
ee
l s
tru
ct
ur
e 
un
de
r n
at
ur
al
 fi
re
co
m
aa
sit
e 
str
uc
tu
re
s
st
ee
l
fir
e 
te
st
s
th
er
m
al
 a
na
lv
si
s
st
ru
ct
ur
al
 n
er
fa
rm
an
ce
K
15
9
St
ra
in
-ba
se
d 
ap
pr
oa
ch
 t
o 
lo
ca
l 
bu
ck
li
ng
 
o
f 
st
ee
l s
ec
tio
ns
 su
bje
cte
d t
o f
ire
st
ee
l
lo
ca
l b
uc
kli
nn
Ip
la
sti
c
st
re
ss
-s
tr
ai
n
st
ru
ct
ur
al
 n
er
fn
rm
an
ce
th
er
m
al
 a
na
lv
si
s
K
16
0
T
he
 e
ff
ec
t 
o
f 
s
t
r
e
s
s
-
s
t
r
a
in
 r
el
at
io
ns
hi
ps
 o
n 
th
e 
fi
re
 p
er
fo
rm
an
ce
 
o
f 
st
ee
l h
ea
m
s
st
ee
l
th
er
m
al
 a
na
lv
sl
s
st
ru
ct
ur
al
 n
er
fn
rm
an
ce
st
re
ss
-s
tr
ai
n
be
am
s
K
16
2
TH
E 
TE
M
PE
R
AT
UR
E 
DI
ST
RI
BU
TI
O
N 
IN
 A
 F
UL
L-
SC
A
LE
 S
TE
EL
 F
RA
M
ED
 B
U
IL
IN
G
 S
U
BJ
EC
T
st
ee
l
TO
 A
 N
AT
UR
AL
 F
IR
E
lo
ba
l r
es
na
ns
e
th
er
m
al
 a
na
lv
si
s
st
ru
ct
ur
al
 n
er
fa
rm
an
ce
fir
e 
cu
rv
es
K
16
3
D
es
ig
n 
o
f 
St
ee
l S
tru
ct
ur
es
 su
bje
cte
d t
o F
ire
st
ee
l
Eu
ro
cn
de
 
K
16
4
T
he
 B
eh
av
io
ur
 
o
f 
a 
M
ul
ti-
St
or
ey
 S
te
el
 F
ra
m
ed
 B
ui
ld
in
g 
Su
bje
cte
d t
o F
ire
 A
tta
ck
Ca
rd
in
nt
nn
St
ee
l
fra
m
e
th
er
m
al
 a
na
lv
si
s
st
ru
ct
ur
al
 n
er
fa
rm
an
ce
K
17
0
BF
D
 C
ur
ve
: a
 n
ew
 e
m
pi
ric
al
 m
od
el
 fo
r f
ire
 c
om
pa
rtm
en
t t
em
pe
ra
tu
re
s
ca
m
a
a
r/m
en
t f
ire
s
de
sia
n 
fir
es
u
bl
ish
ed
 d
at
a
n
u
m
e
ric
al
 m
ad
el
in
a
K
17
1
A
 to
ol
 to
 d
es
ig
n 
ste
el
 e
le
m
en
ts 
su
bm
itt
ed
 to
 c
om
pa
rtm
en
t f
ire
s-
O
Zo
ne
 V
2.
 P
ar
t 1
: p
re
- a
nd
 p
os
t-
co
m
o
a
rtm
en
t f
ire
s
fla
sh
ov
er
 c
om
pa
rtm
en
t f
ire
 m
od
el
st
ee
l s
tru
ct
ur
es
zo
n
e
 m
o
de
ls
co
m
bu
sti
on
K
17
2
A
 to
ol
 to
 d
es
ig
n 
ste
el
 e
le
m
en
ts 
su
bm
itt
ed
 to
 c
om
pa
rtm
en
t f
ire
s-
O
Zo
ne
 V
2.
 P
ar
t 2
: M
et
ho
do
lo
gy
 a
nd
co
m
o
a
rtm
en
t f
ire
s
ap
pl
ic
at
io
n
st
ee
l s
tru
ct
ur
es
de
slo
n 
fir
es
fi
re
 l
oa
d 
K
17
3
Se
ns
iti
vi
ty
 a
na
ly
sis
 o
f h
ea
t t
ra
ns
fe
r f
or
m
ul
at
io
ns
 fo
r i
ns
ul
at
ed
 st
ru
ct
ur
al
 st
ee
l c
om
po
ne
nt
s
st
ee
l s
tru
ct
ur
es
In
su
la
tio
n
he
at
 tr
an
sf
er
th
er
m
al
 a
na
lv
sl
s
K
17
4
Ex
pe
rim
en
ta
l r
es
ea
rc
h 
on
 th
e 
cr
iti
ca
l t
em
pe
ra
tu
re
 o
f c
om
pr
es
se
d 
ste
el
 el
em
en
ts
 w
it
h 
re
st
ra
in
ed
st
ru
ct
ur
al
oe
rfo
rm
an
ce
t
he
rm
al
 e
lo
ng
at
io
n
th
er
m
al
 a
na
lv
si
s
st
ee
l s
tru
ct
ur
es
co
m
o
re
ss
lo
n 
m
em
be
rs
co
lu
m
ns
ec
ce
n
tr
ic
ltv
K
17
5
N
a
t
u
r
a
l 
Fi
re
s 
in
 
La
rg
e 
Sc
al
e 
Co
m
pa
rtm
en
ts:
 A
 B
rit
ish
 S
te
el
 T
ec
hn
ic
al
,
 
Fi
re
 R
es
ea
rc
h 
St
at
io
n
co
m
o
a
rtm
en
t f
ire
s
C
o
ll
ab
or
at
iv
e 
Pr
oj
ec
t
n
a
tu
ra
l f
ire
s
tim
e 
eo
ui
va
le
nt
 fo
rm
ul
a
st
ru
ct
ur
al
oe
rfo
rm
an
ce
th
er
m
al
 a
na
lv
sl
s
Eu
ro
co
de
s
K
17
6
Th
e 
Fi
re
 R
es
ist
an
ce
 o
f B
ar
e 
St
ru
ct
ur
al
 S
te
el
 B
ea
m
s
n
u
m
e
ric
al
 m
od
el
in
q
st
ru
ct
ur
al
oe
rfo
rm
an
ce
be
am
s
st
ee
l s
tru
ct
ur
es
st
an
da
rd
 fi
re
 te
st
K
17
7
Cl
ie
nt
 R
ep
or
t: 
Re
su
lts
 a
nd
 o
bs
er
va
tio
ns
 fr
om
 fu
ll-
sc
al
e 
fir
e 
te
st 
at
 B
RE
 C
ar
di
ng
to
n,
 
16
 J
an
ua
ry
 2
00
3
Ca
rd
in
ot
on
fu
ll s
ca
le
 te
st
s
co
m
o
a
rtm
en
t f
ire
s
st
ru
ct
ur
al
oe
rfo
rm
an
ce
th
er
m
al
 a
na
lv
sl
s
st
ee
l s
tru
ct
ur
es
K
17
8
Fa
ilu
re
 C
rit
er
ia
 in
 S
ta
nd
ar
d 
Fi
re
 R
es
ist
an
ce
 T
es
ts:
 R
ep
or
t f
or
 P
er
io
d 
Fe
br
ua
ry
 to
 S
ep
te
m
be
r 1
99
0
n
u
m
e
ric
al
 m
od
el
in
G
st
ru
ct
ur
aJ
ne
rfo
rm
an
ce
be
am
s
de
sk
m
 fi
re
s
fa
ilu
re
st
an
da
rd
 fi
re
 te
st
K
17
9
Th
e 
In
flu
en
ce
 o
f T
he
rm
al
 a
nd
 R
ot
at
io
na
l R
es
tra
in
t
th
er
m
al
 e
xn
an
si
on
th
er
m
al
 re
st
ra
in
t
st
ee
l s
tru
ct
ur
es
st
an
da
rd
 fi
re
 te
st
K
18
0
A 
BS
 4
76
: P
ar
t 8
 T
es
t o
n 
an
 U
np
ro
te
ct
ed
 3
56
 x
 1
71
m
m
 x
 6
7 
kg
lm
 B
S 
43
60
 G
ra
de
 4
3A
 B
ea
m
 -
be
am
s
Co
nf
irm
at
or
y 
Te
st
st
ee
l s
tru
ct
ur
es
st
an
da
rd
 fi
re
 te
st
st
ru
ct
ur
al
 n
er
fo
rm
an
ce
a
s
 
47
6
co
n
cr
et
e 
sla
b
K
18
1
Th
e 
Ef
fe
ct
 o
f L
oa
d 
Ra
tio
 o
n 
th
e 
Li
m
iti
ng
 T
em
pe
ra
tu
re
s O
bs
er
ve
d 
D
ur
in
g 
Tw
o 
BS
 4
76
: P
ar
t 2
1 
Fi
re
be
am
s
R
es
ist
an
ce
 T
es
ts 
Ca
rri
ed
 O
ut
 o
n 
25
4 
x 
14
6 
m
m
 x
 4
3 
kg
lm
 U
ni
ve
rs
al
 B
ea
m
s P
ro
te
ct
ed
 w
ith
 2
0 
m
m
st
ee
l s
tru
ct
ur
es
in
su
la
tio
n
Th
ic
k 
V
ic
uc
la
d 
In
su
la
tin
g 
Bo
ar
d
a
s
 
47
6
Lo
ad
 R
at
io
st
ru
ct
ur
al
 n
er
fo
rm
an
ce
K
18
2
B
R
E:
 A
rs
on
ist
 to
 F
ire
 E
ng
in
ee
r
fu
ll s
ca
le
 te
st
s
Ca
rd
in
nt
on
co
m
n
a
rtm
en
t f
ire
s
fir
e 
lo
ad
st
ru
ct
ur
al
 n
er
fo
rm
an
ce
Fire-Robust Structura I Engineering
CHART 1: THE fiRE-ROBUST STRUCTURAL DESIGN PROCESS
197
Fire-Robust Structura I Engineering
"liAR I 2: IlIeSIKU"'UKALtIKtAIIALYSISPRO"ess
0---.
0---.
P,o.ecllo..
Re De"'...
198
M""i"P'Op",'"I
? '
F,iI",C,it.." 
Fire-Robust Structura I Engineering
CIIAK' J: lilt SIKUCIUKAL UtSI,;tI tll60 QUAtI I ItlCA I lOti PKOCtSS
Bound", Th"m,1 P,op,"i"
..-- ~"'i"iC$1
",iabilit,!
-f--......
Fi... P,inciple ?
Compute, Models
Fi... P,inciple
Equations
199
Fire-Robust Structura I Engineering
CHART 4: IOEllTlflCATIOtI Of STRUCTURAL fiRE PERfORMAtlCE
Inv...i....
O.loom,'ion
Flnl" e',m,.. An,ry"s! 
? '
LO'dR'dIS"'b",;on
? .
E'.'SS;"D,'orm,",on
P,og'o"',, co",poo
? .
200
Fire-Robust Structura I Engineering
CHART 5: IDEtITlFICATIOtl OF III-SERVICE STRUCTURAL COIIDITIOIIS
201
Appendix E
to)
-'- - --- _
- w-
, ~
---_u- -----,_. ----,---. ------- ---,---- ------,. 
-------
oow i - 0009 I 
....
90
00
90
00
(j'
90
00
T
E
ST
 C
OM
PA
RT
ME
NT
-
-
-
-
-
 
-
 
-
,
 
-
 
-
-
,
 
-
-
 
-
-
 
-
 
-
 
-
I-
. -
, -
-
-
-
 
-
-
 
-
 
-
-
.
 
-
-
 
-
-
 
-
 
-
.
.
.
.
.
 
-
.
.
-
-
 
-
-
 
-
-
-
-
-
 
-
.
-
 
-
-
.
 
-
-
 
-
,
 
-
-
.
90
00
P
L
A
N
E
 
F
R
A
M
E
:
 
T
E
ST
 
2 
- 
LO
CA
TI
O
N 
O
F 
CO
M
PA
RT
M
EN
T
90
00
F
ig
ur
e 
12
90
00
90
00
-
-
-
-
90
00
90
00
+
-,
--
--
--
-
-
-
-
90
00
TE
ST
 C
O
M
PA
RT
M
EN
T
TE
ST
 
3 
: 
CO
RN
ER
 C
O
M
PA
RT
M
EN
T 
TE
ST
Fi
gu
re
 2
4
90
00
90
00
90
00
90
00
90
00
V
EN
TI
LA
TI
O
N
(I)
1_
__
_
_
_
-
-
 
J-
 - 
-.-
 
'.
'
-
-
-
I-
_
m
_
_
_
_
-
.
-
-
 
_
_
m
_
_
_
,
.
.
.
 
'
_
n
_
l._
__
__
__
._
_n
__
'_
-
-
-
.
_
.
.
n
_
--
-
.
l_
__
n_
_
m
._
_
n
_
_
-
 
_
_
_
_
n
-
-
-
.
_
_
_
.
 
.
-
-
-
-
-
-
-
.
.
-
-
-
.
.
-
-
-
-
-
-
-
-
,
-
.
.
1-
---
--,
---
---
---
-.-
---
---
-:-
.
I
 
-
C 
I
TE
ST
 
4:
 
D
EM
O
NS
TR
AT
IO
N 
TE
ST
F
ig
ur
e 
42
U
 (J
(D
 0..
.
r.
n
 ~
.
rl'
-
~
.
 
0
~
 
~
0.
.. 
t
d 
~
(D
 rl'-
~
 
~
TEMPERATURE DEGREES CENTIGRADE
STEEL BEAM ATMOS
T'ME LOWER WEB UPPER UPPER LOWER
M'NS (N) FLANGE (5) (N) FlANGE (5) (N) (5) (N) (5)
14B 149 146 '"
107
163 114
201 157
225 188
240 207
250 220
257 22B
222 263 233 234
225 263 236 239
229 268 240 245
37 232 272 244 247
101 40 236 278 247 251
106 241 278 248 255
111 45 246 282 251 280
117 250 284 257 282
103121 251 286 253 263
10. 101 108 125 252 269 259 267
10. 100 106 113 129 104 255 292 265 270
11. 105105 104 112 119 135 106 255 293 288 272
11. 110111 103 110 117 124 139 113 259 296 271 2"
12. 115 116 109 115 123 129 144 117 260 298 273 278
12. 120120114 121 128 134 147 121 261 302 2" 277
13. 125 125 119 125 132 136 151 125 102 263 305 278 278
13. 130 130 124 130 137 144 155 129 106 266 304 278 281
136 135 129 135 142 148 159 133 109 271 306 279 263
14. 140 141 135140147 153 183 137 113 271 306 281 286
15. 145 145 139 146 152 157 187 141 117 273 313 285 287
15. 150150144150157 182 171 145120102 274 312 286 290
18. 164
'" 
150 155 181 166 175 149 123 105 278 315 269 292
18. 159 159 164 180 166 171 179 152 127 108 280 318 294 292
17. 163 184 159 185 171 175 181 157 130 111 282 321 301 295
17. 188 188 164 170 178 179 186 181 133 114 100 284 324 298 297
18. 172 172 188 174 179 182 169 183 136 117 103 283 325 299 297
18. 177 178 172 178 184 186 193 187 139 119 105 281 324 299 299
19. 181 181 177 182 188 190 195 170 142 122 102 108 101 285 328 300 300
19. 185184181 186 192 194 199 173 145 125 105 110 104 287 328 302 300
20. 189 188 185 191 196 198 202 177 148 128 106 113 106 288 330 305 302
20. 193 193 169 194 200 201 205 179 151 131 109 115 109 290 332 305 304
21. 197 196 193 198 204 205 209 183 '" 132 111 118 111 291 332 307 304
21. 201 200 197 202 208 208 211 185 156 135 114 121 113 292 333 310 305
22. 204 204 201 206 211 211 214 169 159 138 118 123 118 294 334 313 306
22. 208 207 204 210 215 214 217 191 181 140 119 125 118 291 336 318 306
23. 211 211 208 213 218 217 220 194 184 143 121 127 120 292 339 315 307
23. 215 214 211 218 222 220 222 197 166 145 122 129 122 292 339 315 308
24. 218 217 215 220 225 223 224 199 169 147 125 132 124 288 336 315 308
24. 220 219 217 222 227 224 228 201 170 149 127 133 126 285 334 311 303
25. 223 222 220 225 229 227 227 202 172 151 12B 134 128 286 332 308 300
255 225 225 223 227 232 229 229 204 174 153 130 136130 286 332 308 299
28. 228 227 226 230 234 230 231 206 176 155 132 136 132 288 332 309 299
28. 230 230 228 233 237 233 233 208 178 156 135 140134 287334 313 302
27.0 233 232 231 235 239 235 235 210 180 159 136 141 136 290 335 312 302
27. 235 234 233 237 242 237 236 212 182 180 139 144 136 292 337 315 303
28. 238 237 235 240 244 239 238 213 183 182 140 146140 291 336 313 306
285 240 239 236 242 246 241 239 215 185 164 142 147142 291 336 313 304
29. 242 241 240 244 248 242 241 217 187 185 144 149 144 291 340 314 306
29. 244 243 242 246 250 244 243 218 189 187 147 151 146 295 341 315 306
30. 246 245 244 248 253 246 244 221 191 169 149 153148 295 342 320 307
30. 248 '" 246 250 255 248 246 222 193 171 150 155150 294 343 323 308
31. 250 249 248 252 257 250 248 224 195 174 153 157153 295 346 320 310
31. 251 251 250 264 259 251 249 228 197 175 155 159 155 296 346 324 311
32. 2" 253 252 256 280 253 251 227 199 177 157 181 156 298 347 323 313
Steel and Atmosphere Temperatures on Grid Line 2
148
69 70 
::::~
L X~ x
IX 68
' 67
X, 66
X' 65
146
59 60 61 62 63
. Not Measu'ed
t Not Recocded
Table 2.
149
147
32. 255 254 254 258 262 255 252 229 200 179 159 163 159 300 347 322 314
33. 258 256 256 260 264 257 254 251 202 181 161 154 150 301 349 327 315
33. 259 258 258 262 266 258 256 232 204 183 153 156 152 301 350 327 315
34. 261 260 260 263 267 260 257 234 206 184 165 166 154 302 350 327 315
34. 262 261 261 265 269 261 258 236 207 187 166 169 166 301 350 326 315
35. 264 263 263 267 270 262 259 237 209 188 157 171 157 302 350 323 315
35. 266 264 284 268 272 264 261 238 210 189 169 173 169 301 353 327 320
36. 267 266 266 270 274 265 262 240 212 191 171 175 171 305 353 330 516
36. 269 268 268 271 275 267 264 242 214 193 173 176 172 306 354 332 320
37. 271 270 269 273 277 269 266 244 215 194 174 178 174 311 357 335 322
37. 272 271 271 275 279 270 267 245 217 196 177 180 176 309 361 337 326
38. 274 273 273 277 261 272 268 247 219 198 178 181 178 311 363 340 325
38. 276 274 274 279 263 274 271 249 221 200 179 182 179 315 365 344 326
39. 277 276 276 260 265 276 273 251 223 201 182 185 181 317 366 346 332
39. 279 278 278 262 267 278 274 253 225 203 184 186 183 319 370 350 334
40. 262 261 260 265 290 260 278 256 228 206 185 188 185 330 380 363 337
40. 265 264 263 288 293 264 262 260 231 208 188 191 187 336 393 369 347
41. 268 266 266 291 297 266 265 263 234 212 189 193 189 338 398 375 351
41. 291 269 269 294 300 290 269 266 237 214 191 195 192 343 404 377 356
42. 294 292 292 297 303 293 292 269 239 216 194 198 194 349 407 380 362
42. 297 295 295 300 306 296 295 272 242 219 197 200 196 351 411 384 369
43. 300 298 298 303 309 299 298 275 245 222 198 202 198 351 413 386 370
43. 303 301 301 306 513 302 301 279 248 224 201 204 201 354 417 394 373
44. 306 304 304 309 315 306 305 262 251 226 204 207 203 361 423 397 378
44. 510 308 307 513 319 309 309 266 254 229 206 210 205 366 427 402 387
45. 513 311 311 517 323 512 512 269 258 232 207 212 209 370 451 408 387
45. 317 375 314 321 326 317 317 294 262 236 210 215 211 377 437 417 388
46. 321 319 318 324 351 321 321 297 265 239 213 217 214 383 443 420 398
46. 325 323 322 326 335 325 325 301 268 241 215 221 217 388 446 420 401
47. 326 326 325 332 339 326 326 305 271 245 219 223 219 390 451 427 407
47. 332 330 329 336 343 333 333 309 275 248 222 226 222 395 455 429 411
48. 336 334 333 340 347 336 336 312 278 251 225 229 225 393 456 432 411
48. 339 337 337 343 350 340 339 315 262 254 227 232 228 397 461 434 411
49. 344 341 340 347 354 344 343 320 265 258 230 235 230 403 462 443 417
49. 348 345 344 351 359 348 348 323 269 261 234 238 233 411 472 449 422
50. 352 350 349 356 364 353 353 326 293 264 237 241 237 418 484 454 429
50. 357 354 353 360 368 357 357 333 297 268 239 244 240 418 490 461 435
51. 361 359 358 365 374 363 363 338 301 273 243 248 243 432 494 473 438
51. 368 364 364 372 381 369 370 346 307 277 247 253 248 444 510 489 448
52. 373 370 369 378 387 375 376 351 513 262 250 256 252 452 524 497 463
52. 379 376 375 384 394 382 382 357 318 266 254 260 256 453 529 503 471
53. 385 382 381 390 399 387 388 363 323 291 259 265 260 459 532 503 473
53. 391 388 387 396 405 394 395 368 326 296 262 268 264 462 538 505 476
54. 397 393 393 401 410 399 400 373 333 300 266 272 268 464 539 512 486
54. 402 398 398 406 415 404 404 379 338 305 270 276 272 469 538 512 487
55. 407 404 403 412 421 409 409 383 343 309 274 261 276 473 541 515 485
55. 412 409 408 417 426 414 414 388 347 513 279 265 260 475 542 515 492
56. 418 414 414 422 432 420 420 393 352 318 263 268 264 479 550 522 492
56. 423 420 419 426 437 425 424 399 357 323 267 293 268 486 554 525 499
57. 428 425 424 433 442 430 429 403 361 327 291 297 292 486 557 530 502
57. 433 429 429 438 447 434 433 408 366 351 296 301 296 489 562 534 503
58. 438 434 434 443 452 439 438 413 371 336 300 305 000 492 561 536 510
58. 442 439 439 448 456 444 443 417 375 340 304 309 304 498 566 539 511
59. 448 445 445 453 462 449 448 423 380 344 308 513 008 503 570 549 514
59. 453 450 449 458 467 454 453 426 386 349 312 318 513 509 577 553 524
60. 458 455 455 464 472 459 456 433 390 354 315 321 317 511 584 556 530
60. 463 460 460 468 477 464 462 437 394 356 321 327 321 609 586 555 551
61. 468 465 465 473 483 469 467 443 400 363 324 330 326 512 588 565 529
61. 472 469 470 479 488 474 472 449 405 366 329 335 330 514 602 569 534
62. 477 474 475 464 494 479 478 454 411 373 339 335 524 610 576 534
62. 482 479 480 489 498 494 482 459 415 378 338 343 339 526 615 570 542
63. 486 484 485 494 503 489 487 464 420 383 342 347 343 528 617 571 536
63. 491 486 489 498 507 493 491 468 424 387 346 351 347 531 573 540
64. 494 492 493 502 511 497 494 472 429 390 351 356 352 531 614 576 543
64. 498 496 497 506 515 500 498 476 433 395 354 360 356 534 615 580 547
65. 502 500 502 510 518 504 SOl 479 437 399 359 364 360 533 578 549
65. 505 503 505 514 522 507 504 483 441 403 362 368 364 536 618 565 544
66. 509 507 509 517 526 510 508 487 445 407 366 372 369 539 621 586 547
66. 512 510 512 521 529 513 511 490 449 410 370 376 373 544 624 589 553
67. 515 513 515 524 532 513 493 452 414 373 379 376 542 626 590 554
Steel and Atmosphere Temperatures on Grid Line 2 Table 2.
67. 519 517 519 527 535 519 516 496 456 416 377 362 360 542 629 566 560
68. 521 519 521 630 537 521 518 498 458 421 361 385 363 545 626 587 563
68. 526 524 526 536 544 526 524 506 465 426 385 391 366 561 625 624 563
69. 536 533 534 546 557 536 536 520 477 436 390 399 396 594 660 657 567
69. 546 542 543 556 569 549 546 532 466 447 397 406 403 606 703 674 611
70. 554 550 551 564 576 559 558 541 498 454 404 413 411 611 718 677 630
70. 563 558 559 572 566 567 567 549 505 462 409 419 418 616 718 672 636
71. 571 566 567 580 593 575 575 557 512 466 417 426 425 633 710 675 647
71. 579 574 575 586 600 562 581 563 519 475 424 433 432 637 703 679 654
72. 564 580 562 593 605 567 566 567 524 461 430 436 436 634 699 672 663
72. 591 567 567 599 610 591 591 572 530 467 437 443 444 639 696 677 655
73.0 596 592 593 604 615 595 595 576 534 492 442 446 449 634 695 670 657
73.5 601 597 597 606 616 599 597 579 536 496 446 454 455 639 693 669 657
74. 605 601 602 612 621 602 601 562 542 501 454 456 460 640 690 666 646
74. 609 605 606 615 624 604 603 565 546 504 459 463 465 641 695 669 653
75. 612 606 609 616 627 606 605 567 549 509 464 467 469 643 695 671 659
75. 615 612 613 621 630 609 607 590 552 513 469 472 474 645 694 673 655
76. 617 614 615 624 632 611 609 592 555 516 473 475 479 642 696 673 650
76. 620 617 616 626 634 612 610 593 556 519 476 479 463 643 698 671 644
77. 623 620 620 626 636 614 612 595 560 523 461 462 467 645 697 673 655
77. 624 622 623 630 636 616 614 597 563 526 485 485 491 645 695 672 660
76. 626 624 625 633 641 618 615 599 566 529 469 469 495 656 697 661 663
76. 626 626 627 635 642 619 617 601 566 532 492 492 498 649 699 673 664
79. 630 626 629 636 643 620 616 602 570 535 496 495 501 653 695 673 657
79. 631 629 630 636 645 621 619 604 572 537 498 498 504 648 696 677 662
60. 633 631 632 639 645 623 620 605 574 539 502 501 507 650 700 673 657
60. 635 632 633 640 647 624 621 607 576 542 505 504 510 656 695 677 658
81. 636 634 635 642 649 625 623 609 579 545 507 506 513 652 702 680 659
81. 637 635 636 643 65" 626 624 610 580 547 510 509 516 656 700 680 661
82. 639 637 637 645 652 626 626 612 583 549 513 512 519 666 703 685 657
62. 641 636 639 647 654 629 627 614 585 552 515 514 522 667 702 687 666
83. 642 640 641 648 655 631 626 615 587 553 518 516 524 666 701 686 674
83. 644 641 642 649 656 632 630 616 589 556 520 518 526 670 703 686 667
64. 645 642 643 650 656 632 630 617 590 556 523 521 529 666 705 683 673
84. 646 643 644 651 658 634 631 619 592 560 526 524 531 666 700 691 669
65. 847 644 646 653 659 635 633 620 594 562 527 525 533 667 704 686 670
65. 648 645 647 653 660 636 634 622 596 564 529 527 536 666 709 686 670
66. 649 647 648 654 661 637 635 623 597 565 533 529 538 674 711 685 670
66. 650 647 649 656 662 638 636 624 599 567 534 532 540 666 706 689 666
67. 651 649 650 656 663 639 637 626 600 569 537 534 542 669 706 690 667
67. 652 650 651 658 665 640 639 627 602 572 539 536 544 670 706 693 674
68. 653 651 652 659 665 641 640 629 603 573 540 537 547 670 711 695 667
66. 655 652 653 661 668 644 641 631 606 575 543 540 549 674 714 699 665
89. 656 654 655 663 670 645 643 633 608 576 545 542 551 676 717 702 679
89. 657 655 656 664 671 646 645 634 609 560 547 544 553 678 720 701 679
90. 659 656 657 665 672 647 646 635 611 581 550 546 555 674 716 699 677
90. 660 657 659 666 673 649 647 637 613 583 551 548 557 681 716 702 681
91. 661 659 660 667 674 650 649 638 615 565 554 550 560 675 720 701 688
91. 662 660 661 669 675 651 650 640 616 588 556 552 561 681 720 703 686
92. 664 661 663 670 677 653 651 642 619 589 559 554 564 682 723 709 682
92. 665 663 664 671 678 655 653 643 621 591 560 556 566 687 723 707 664
93. 667 664 665 673 680 656 655 645 622 593 563 559 568 684 724 705 686
93. 666 666 667 674 682 657 656 647 624 595 565 560 570 686 723 713 689
94. 669 667 668 676 683 659 658 649 626 598 567 562 572 687 729 709 691
945 670 668 670 677 664 661 660 650 628 599 569 564 575 689 728 711 687
95. 672 670 671 678 686 662 661 652 630 601 571 567 577 693 727 713 691
95. 674 672 673 680 687 664 663 654 632 603 573 569 579 697 730 717 692
96. 675 673 674 681 688 666 665 656 634 606 576 570 581 694 733 717 688
96. 677 674 675 683 690 667 666 657 636 608 576 572 563 697 731 717 695
97. 678 676 677 684 692 669 666 660 636 609 560 575 565 700 732 721 700
97. 680 678 679 686 693 670 670 661 640 612 562 577 566 701 736 719 699
98. 682 679 680 688 695 672 672 663 642 614 585 579 590 706 737 723 701
98. 683 681 682 689 696 674 674 665 644 616 587 561 592 703 738 724 706
99. 685 683 684 691 699 676 675 667 646 618 589 563 594 702 740 727 710
99. 686 684 685 693 700 677 677 669 648 620 591 585 596 702 744 728 713
100. 688 685 687 694 702 679 679 671 650 622 593 588 599 706 747 733 706
100. 690 688 688 696 704 681 681 673 652 625 596 589 601 714 746 731 711
101. 691 689 690 697 705 683 682 674 664 627 597 591 603 708 748 728 714
101. 693 601 692 699 707 684 684 677 656 626 600 594 605 715 745 735 713
102. 695 693 694 701 709 687 687 679 658 631 602 596 607 715 750 739 712
Steel and Atmosphere Temperatures on Grid Line 2 Table 2.
102. 697 695 695 703 711 668 689 661 660 633 605 598 609 716 754 739 723
103. 698 696 697 705 712 690 690 663 662 635 605 599 611 716 755 739 722
103. 700 698 699 706 692 693 665 664 637 608 602 613 720 757 740 724
104. 702 700 701 708 716 694 695 687 667 639 611 605 615 720 761 744 722
104. 703 701 702 710 717 696 696 689 669 641 613 606 618 721 759 743 725
105. 705 703 704 711 719 698 698 691 670 643 615 608 620 723 760 744 724
105. 707 705 706 713 720 699 700 693 673 645 617 610 622 725 761 746 726
106. 708 706 708 715 722 701 702 695 675 648 619 612 624 730 762 751 729
106. 710 708 709 717 724 703 704 697 677 650 621 615 627 729 763 751 732
107. 713 711 711 718 725 705 706 699 679 652 623 617 629 734 766 756 732
107. 714 712 713 720 726 707 708 701 661 655 625 619 631 735 766 756 729
108. 716 714 715 720 726 709 710 703 663 657 628 620 633 734 773 753 728
108. 718 716 716 721 728 711 712 705 685 659 630 623 635 738 775 758 743
109. 719 717 718 722 729 713 714 707 688 661 632 625 638 739 777 763 742
109. 720 719 719 723 730 715 716 709 689 662 634 627 640 741 777 764 742
110. 721 720 720 724 732 716 718 711 692 665 636 629 642 743 7SO 767 744
110. 722 721 721 726 734 718 719 714 694 667 638 632 644 744 779 770 743
111. 722 721 721 727 736 720 721 715 696 669 639 633 646 744 754 767 746
111. 723 722 722 729 738 721 722 717 698 671 642 636 648 742 788 770 742
112. 724 723 723 730 740 722 724 719 700 674 644 638 650 750 787 772 746
112. 725 724 724 732 742 722 725 721 702 676 645 640 653 760 787 776 745
113. 727 725 725 734 744 723 726 723 704 678 648 642 655 753 791 776 753
113. 728 727 726 736 746 725 727 724 706 6SO 651 645 657 756 794 777 754
114. 730 728 728 738 748 726 728 726 708 663 653 646 659 755 796 761 758
114. 732 730 730 740 750 728 730 727 711 685 655 649 662 757 796 763 760
115. 734 732 732 742 752 730 732 728 713 687 657 651 664 754 SO3 785 762
115. 736 734 734 744 754 732 734 730 714 689 659 653 666 758 SO3 785 760
116. 738 736 736 747 756 734 736 731 716 691 661 655 669 762 SO7 787 758
116. 740 738 738 749 759 736 739 733 718 693 663 658 671 758 SO5 790 762
117. 741 740 740 751 761 736 741 735 720 695 665 660 674 761 SO8 794 764
117. 744 743 743 753 763 741 744 738 721 696 667 661 676 770 612 793 761
116. 746 744 745 755 766 743 746 740 723 699 669 663 676 764 616 796 761
116. 747 746 747 758 766 745 748 743 724 701 670 665 660 764 615 796 770
119. 749 746 749 760 770 747 750 745 726 703 672 666 663 765 621 SOO 766
119. 751 751 751 762 772 750 753 747 729 705 675 670 665 772 622 603 767
120. 753 752 753 764 774 751 754 750 730 707 676 672 687 770 626 SO1 766
120. 755 754 755 766 777 754 756 752 732 709 678 674 689 770 626 SO2 771
121. 756 756 757 766 778 755 758 754 735 711 6SO 676 692 769 626 SO6 772
121. 758 759 759 770 760 758 761 756 737 712 661 677 694 774 627 SO7 770
122. 760 761 762 772 763 760 763 758 739 714 663 679 696 773 631 SO6 770
122. 762 762 764 774 784 762 765 760 741 716 665 681 697 776 828 810 773
123. 764 765 766 776 786 764 767 762 743 716 687 663 699 778 631 810 772
123. 766 767 766 776 788 765 766 764 745 720 688 665 701 776 632 810 777
124. 766 769 770 7SO 790 766 770 766 747 722 690 687 703 762 634 811 777
124. 769 770 772 782 791 770 772 766 749 723 692 668 704 764 633 813 776
125. 771 772 773 784 792 771 774 769 751 725 693 690 706 784 635 812 7SO
125. 772 775 785 794 773 775 771 753 727 695 692 707 784 836 816 783
126. 774 776 777 787 796 774 777 773 754 728 696 693 709 790 635 815 782
126. 776 778 779 789 797 776 779 774 756 730 698 695 710 765 840 819 766
127. 777 779 7SO 790 796 777 7SO 776 758 732 701 696 712 788 638 817 786
127. 779 761 782 791 600 779 761 777 759 733 703 699 713 790 642 820 785
128. 7SO 782 763 793 SO1 780 783 779 761 735 703 700 714 789 639 621 790
126. 762 784 785 794 SO3 762 784 760 763 737 706 701 716 794 644 623 793
129. 763 766 766 796 SO4 763 766 762 764 739 707 703 717 795 643 623 790
129. 785 788 788 797 SO5 765 767 783 766 740 708 704 716 797 843 625 792
130. 786 789 789 796 806 786 788 784 767 742 710 706 720 796 845 822 792
130. 787 790 791 800 808 767 769 786 769 744 711 707 721 794 844 627 792
131. 788 792 792 801 809 788 791 787 770 744 712 709 722 797 646 625 796
"'.
790 794 793 802 811 790 793 789 772 747 714 710 723 801 850 828 794
132. 791 795 795 803 612 791 794 790 773 748 716 712 725 799 647 827 795
132. 793 797 796 805 813 793 795 792 775 760 717 713 726 SO2 848 830 801
133. 794 798 797 806 615 794 796 793 776 751 718 715 728 606 647 832 801
133. 796 800 799 B08 616 795 796 794 776 752 718 716 729 609 852 833 800
134. 798 801 800 809 818 796 799 796 779 753 719 717 730 814 654 835 802
134. 799 803 801 610 816 797 800 796 779 754 720 718 732 611 655 833 806
135. 800 803 602 611 819 798 801 797 780 755 721 719 734 615 655 837 807
135. 801 805 803 812 820 799 803 798 781 757 722 720 735 620 851 839 806
136. 802 806 805 813 821 800 803 799 782 758 724 721 737 820 650 836 813
136. SO3 807 805 613 821 800 803 798 782 758 723 722 736 617 654 831 816
137. 802 807 805 812 819 799 803 798 782 758 724 721 738 810 846 825 819
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131. 802 807 805 812 818 798 802 797 782 758 725 722 739 810 843 822 814
138. 802 807 805 811 817 798 801 796 782 758 726 723 740 812 837 824 806
138. 802 807 805 811 817 798 801 796 782 759 726 724 741 813 834 823 806
139. 802 807 805 811 817 798 801 796 782 759 727 724 742 810 835 823 806
139. 803 807 805 811 817 798 801 796 782 760 729 725 743 813 834 826 806
140. 803 808 805 811 817 798 802 797 783 761 730 726 743 815 834 826 810
140. 804 809 808 812 818 800 804 799 784 761 732 727 744 820 834 829 810
141. 806 810 807 813 820 801 805 800 786 764 733 728 746 819 836 832 808
141. 808 812 808 815 822 803 807 802 788 765 735 730 747 827 840 837 816
142. 810 814 811 818 825 805 809 805 790 767 737 732 749 828 842 841 812
142. 812 816 813 820 827 808 812 807 792 769 738 733 750 831 845 843 815
143. 814 818 814 821 829 809 813 809 794 740 735 752 833 849 845 821
143. 815 820 816 823 830 815 810 795 772 741 736 754 832 853 843 828
144. 817 821 817 825 832 813 817 812 797 774 744 739 755 838 853 850 824
144. 819 823 819 827 834 814 819 814 798 778 744 739 757 838 854 848 829
145. 820 824 821 829 838 818 820 818 800 777 747 742 759 838 859 851 831
145. 821 826 823 830 838 817 821 817 802 779 748 743 760 835 859 854 834
146. 823 827 824 832 839 819 823 818 804 780 749 744 782 837 859 853 830
146. 825 829 828 833 840 820 824 820 805 782 751 745 764 841 862 854 834
147. 826 830 827 835 841 822 826 822 807 784 753 748 788 844 864 888 834
147. 827 832 829 838 843 824 827 823 808 786 755 749 788 843 864 857 838
148. 829 834 830 838 845 825 829 825 810 787 757 751 769 845 868 858 837
148.5 830 835 832 839 846 827 831 828 812 789 758 752 847 871 860 843
149. 833 838 834 841 848 829 833 828 813 790 780 754 773 850 869 883 839
149. 834 839 838 843 850 831 835 830 815 793 761 758 774 850 870 864 843
150. 836 841 837 844 851 833 838 832 817 794 764 758 778 852 871 884 848
150. 837 842 839 845 852 834 837 833 818 798 765 780 778 849 876 888 848
151. 838 843 840 847 854 838 838 835 820 798 788 761 780 857 875 867 844
151. 840 845 842 849 858 837 841 837 822 800 769 763 782 858 876 870 848
152. 842 847 843 850 857 839 842 839 824 801 765 783 859 881 872 848
152. 843 848 845 852 859 840 844 841 825 804 772 767 785 880 882 872 851
153. 844 849 846 853 860 842 848 843 828 805 773 769 787 860 885 877 854
153. 848 851 848 855 882 843 847 844 829 807 775 789 882 883 874 852
154. 847 853 849 856 863 845 849 845 831 808 777 772 791 862 887 878 854
154. 849 854 851 858 865 848 850 847 832 810 779 774 793 864 888 878 858
155. 850 855 853 859 866 848 851 849 834 812 780 776 794 868 889 881 858
155. 851 856 854 881 867 849 853 850 838 814 783 778 798 865 880 880 859
158. 852 858 855 882 889 850 854 851 837 815 783 779 798 868 883 880 859
158. 854 859 856 863 870 852 858 853 839 817 786 781 800 869 884 882 860
157. 855 860 858 864 871 853 858 854 840 818 787 783 801 869 888 883 854
157. 858 861 859 868 873 854 858 855 841 820 789 784 803 870 888 887 882
158. 857 863 860 867 874 855 859 857 843 822 791 786 805 870 888 888 883
158. 858 864 861 868 875 857 860 858 844 823 792 788 807 873 897 888 865
159. 859 865 863 869 876 858 862 860 848 824 793 788 808 871 897 880 864
159. 861 868 864 871 877 859 863 861 847 828 795 791 810 877 889 891 865
160. 862 868 865 872 879 861 865 863 849 828 798 792 812 875 903 893 869
180.5 864 889 867 874 881 862 868 864 851 830 798 794 814 878 907 891 867
181. 864 871 868 874 881 863 867 865 852 831 799 798 815 878 908 893 867
181.5 868 871 869 878 882 864 889 868 853 833 801 797 817 878 907 894 869
162. 868 872 870 877 884 865 870 867 854 834 802 799 818 878 910 885 869
162. 888 874 871 878 885 887 871 869 856 835 803 800 820 881 908 887 870
183. 869 875 872 879 886 868 872 870 857 836 805 802 822 884 910 898 873
183. 870 876 874 881 887 869 873 871 858 838 807 804 823 882 912 899 870
164. 871 877 875 882 888 870 874 872 860 840 808 805 825 883 910 900 873
164. 872 878 876 883 890 871 876 874 861 841 809 807 827 886 912 902 871
165. 874 880 877 884 891 873 877 875 862 842 812 809 828 889 915 901 B73
165. 875 880 878 885 892 874 878 876 864 844 813 809 830 888 916 904 874
188. 876 882 879 887 894 875 879 878 865 846 814 811 831 889 914 905 878
188. 877 883 881 888 894 876 880 879 867 847 817 813 833 890 918 907 877
167. 876 882 881 887 893 875 878 875 865 845 816 811 832 867 920 870 878
167. 859 869 870 871 870 856 859 856 848 831 813 802 824 815 917 811 879
168. 838 850 853 850 846 832 835 833 828 816 806 794 815 786 921 779 882
1685 817 831 834 830 825 810 814 812 809 802 797 784 805 762 840 758 835
169. 798 812 815 810 804 790 794 792 792 788 788 775 794 745 790 739 792
169. 781 794 797 792 786 775 775 777 775 779 765 784 727 764 722 788
170. 764 778 780 775 769 755 760 759 763 765 769 758 773 712 747 705 744
170. 750 763 765 759 754 744 748 749 764 756 761 747 764 698 729 691 726
171. 739 750 752 746 741 736 740 741 747 749 753 740 755 686 713 678 710
1715 733 743 744 738 734 728 732 734 740 741 747 733 749 675 699 887 696
172. 726 737 739 732 728 720 724 726 733 734 741 726 743 886 685 653 683
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172. 719 730 733 726 721 712 716 718 725 727 735 720 737 654 673 546 673
173. 712 723 726 720 714 703 707 710 717 720 730 731 544 663 636 662
1735 705 716 719 713 707 693 698 701 709 712 724 708 725 638 652 625 653
174. 697 708 712 705 700 684 689 692 701 706 718 701 719 627 644 614 644
174. 689 701 704 698 692 675 679 683 693 698 713 696 713 619 634 607 636
175. 681 693 696 690 684 666 670 674 685 691 706 689 706 612 624 597 628
672 684 687 682 676 657 661 666 677 684 700 654 700 601 616 559 619
176. 664 676 679 673 667 649 653 657 669 677 693 677 694 595 607 580 611
176. 656 667 670 665 659 643 648 650 662 670 687 671 687 559 599 572 604
177. 650 659 661 656 652 641 645 646 655 663 680 664 681 581 590 565 595
177. 647 652 654 650 649 635 639 644 650 657 675 658 674 573 582 560 588
178. 644 649 649 646 646 628 631 638 648 653 668 653 668 568 574 551 581
178. 638 547 648 645 640 619 622 630 644 649 661 648 662 560 568 544 675
179. 630 643 645 640 633 610 614 622 638 646 655 645 656 552 562 537 568
179. 622 635 638 633 625 602 606 613 630 641 549 640 650 548 555 531 562
180. 614 627 629 623 616 594 598 605 622 634 635 646 541 549 523 556
180. 606 618 619 614 608 887 590 598 615 626 641 630 645 534 541 517 549
181. 598 608 610 605 600 579 583 591 608 620 641 625 543 527 535 513 544
181. 590 600 601 596 592 572 676 584 602 614 639 620 638 521 528 504 538
182. 582 592 592 588 584 566 569 577 596 609 633 615 632 514 522 496 532
182. 575 584 584 580 577 559 563 571 590 604 627 610 625 508 516 490 526
183. 568 577 676 573 670 553 557 565 564 598 619 604 618 503 509 483 519
183. 561 569 569 565 563 547 550 559 578 592 613 598 610 497 504 476 515
184. 555 562 562 558 556 640 553 572 585 605 592 604 492 498 472 508
184. 648 556 555 551 649 534 539 548 567 580 598 585 597 485 492 466 503
185. 542 649 648 545 643 528 533 642 561 574 591 579 590 487 461 498
185. 535 643 641 538 537 522 527 537 555 568 584 573 564 474 481 455 493
186. 529 537 535 532 531 517 522 531 649 562 567 678 468 475 449 487
186. 523 531 529 526 525 511 516 526 556 572 562 572 463 469 444 482
187. 518 525 523 520 519 506 511 521 538 551 565 556 566 459 463 440 477
187. 512 519 517 515 514 501 506 515 533 545 560 551 560 453 458 435 472
188. 507 514 512 509 508 496 501 510 528 540 555 645 555 447 453 427 466
188. 502 508 506 504 503 491 495 505 523 535 649 539 649 443 448 423 462
189. 497 503 501 499 498 491 501 518 529 642 534 643 438 443 420 457
189. 492 498 496 493 493 481 487 496 513 524 537 529 538 434 438 415 453
190. 487 493 491 488 488 477 482 491 508 519 533 524 533 429 435 409 449
190. 482 488 486 483 483 472 478 487 503 515 527 519 528 425 431 406 444
191. 477 463 481 479 479 468 473 482 499 509 522 515 523 421 427 402 440
191. 473 479 477 474 474 454 468 494 505 517 510 518 415 422 397 435
192. 468 474 472 470 470 460 454 474 490 501 512 505 513 412 417 393 431
192. 464 470 468 465 466 456 460 470 485 496 508 502 509 408 415 389 427
193. 460 466 463 461 461 452 457 466 481 492 503 497 504 404 411 384 423
193. 456 461 459 457 457 448 453 462 477 487 498 493 500 400 407 381 420
194. 452 457 455 453 453 444 449 458 473 484 494 488 495 396 402 376 416
194. 448 453 451 449 449 440 445 454 469 479 490 484 392 400 373 413
211. 352 357 354 353 364 350 356 354 374 381 364 364 359 320 324 313 324
221 320 324 322 321 322 318 323 331 339 346 347 348 352 287 292 280 292
231. 291 295 293 292 293 290 294 302 309 315 316 318 321 267 264 250 265
241 265 270 267 267 268 265 269 277 264 290 289 292 295 232 241 224 242
251.5 244 248 246 245 246 243 246 256 262 269 266 270 273 210 221 202 220
261. 225 229 227 226 227 225 229 238 244 250 247 251 264 191 204 184 204
271.5 209 212 210 209 210 209 213 221 227 233 230 234 237 177 189 169 189
281. 194 198 196 195 196 195 200 208 213 218 215 219 222 164 177 157 177
291. 162 186 184 183 183 183 186 195 200 206 202 207 209 152 166 145 167
301. 171 174 173 172 172 172 177 184 159 194 191 195 198 143 157 137 158
311. 161 165 163 162 163 163 167 175 179 184 181 186 186 133 149 127 150
321. 153 156 164 153 164 154 159 166 110 175 172 176 178 126 142 121 143
331. 145 147 146 145 146 146 151 158 162 166 165 166 170 119 135 115 137
341 138 140 139 138 139 139 144 151 155 160 157 161 162 113 129 109 131
351. 132 134 132 131 133 133 138 144 149 153 150 164 155 108 123 103 125
361. 126 128 126 126 127 127 133 138 143 147 144 146 149 103 118 120
371. 121 122 121 120 122 122 127 132 137 141 138 142 143 114 116
361. 116 118 116 115 117 117 123 127 132 136 133 136 137 110 112
391. 112 113 112 111 113 113 118 123 127 130 129 132 132 106 108
401 102 105
411. 102
421.
4315
441.
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451.
461.
471.
481.
4915
801.
5115
521.
531.
841.
551.
561.
571.
561.
591.
601.
611.
621.
631.
6415
651.
661.
671.
681.
691.
701.
711.
721
731.
741.
751.
761.
771.
781.
791.
801.
811.
821.
831
841.
851.
861.
871.
881.
691.
901.
911.
921.
931.
941.
951.
961.
971
981.
991.
1001
1011.
1021.
1031.
1041.
1051.
1061.
1071.
1081.
1091.
1101.
1111.
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Cardington Test 2
D Plane Frame
TEMPERATURE DEGREES CENTIGRADE
STEEL BEAM ATMOS
TIME LOWER WEB UPPER LOWER
MINS (WJ FlANGE (E) (W) FLANGE (E) (E)FLANGE
363 3B4 3BS 3BS 3B7 3B6 3B9 390 391 392 393 394 201
1.5
106
123
133
139
156
171
IB3
193
217
10. 256
10. 262
11. 266
11. 104 100 305
12. 101 105 115 110 316
12. 109 114 127 120 321
13. 116 106 122 135 126 105 323
13. 123 113 129 144 135 110 316
14. 129 120 135 151 141 115 315
14. 136 129 144 159 149 121 104 334
15. 143 135 150 167 155 126 IDB 100 326
15. 146 142 156 173 160 131 112 102 104 327
16. 156 149 163 160 166 136 117 105 IDB 329
16. 163 155 16B IBS 171 141 122 100 100 102 107 110 319
17. 169 162 174 192 177 145 126 103 103 107 111 114 326
17. 174 166 179 IBS 179 14B 129 106 106 110 113 115 313
16. 161 174 165 203 165 153 133 110 110 114 117 120 326
18. 164 179 169 206 16B 156 135 111 112 116 119 123 317
19. 169 164 194 211 192 159 139 114 115 119 122 126 322
19. 195 191 200 217 196 165 143 116 119 123 127 131 337
20. 200 196 206 222 202 169 147 121 122 126 131 136 336
20. 210 202 212 226 2DB 175 152 126 126 129 134 136 342
21. 221 212 223 240 220 164 160 135 135 136 142 147 375
21. 226 219 229 225 169 164 136 136 141 146 151 365
22. 233 225 235 251 229 193 16B 141 141 144 151 154 369
22. 240 233 243 259 237 199 174 146 146 150 156 161 363
23. 246 239 250 266 243 205 176 150 149 154 161 167 365
23. 252 245 256 271 209 162 153 153 156 165 171 376
24. 259 251 262 276 253 214 167 157 156 163 169 174 363
24. 261 255 264 276 253 215 169 156 160 165 169 175 357
25. 271 263 272 265 261 223 196 166 167 172 17B 163 395
25. 260 271 262 294 269 230 203 172 173 177 164 190 414
26. 260 291 303 277 237 209 176 175 164 190 197 423
26. 296 267 296 307 262 243 214 179 177 167 194 201 417
27. 303 294 305 314 246 219 162 162 192 199 207 419
27. 309 301 312 319 293 252 223 165 IBS 196 204 211 425
26. 316 3DB 319 325 296 257 226 169 191 201 2DB 216 435
26. 322 314 325 330 303 262 233 194 196 205 212 221 434
29. 334 323 336 340 314 272 242 203 204 212 220 229 456
29. 340 331 344 347 320 276 247 209 210 216 226 236 460
30. 346 337 349 351 324 263 251 213 214 222 229 239 449
30. 352 343 355 356 326 267 256 216 220 227 233 243 452
31. 356 350 361 361 333 291 260 222 223 232 239 246 460
31. 361 355 36B 365 337 295 265 226 22B 237 254 461
32. 369 362 375 372 343 301 271 233 235 242 250 260 479
390 391 392 393 394
X 3B9
X 3aB
Not Recorded
3B3 3B4
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X 3B7
X 3B6
3B5 201
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32. 375 366 362 37B 349 307 276 23B 240 247 256 266 464
33. 362 375 36B 363 355 313 2B1 243 245 252 260 270 4B7
33. 36B 3B1 394 3B7 359 31B 288 246 249 257 263 275 476
34. 394 3B7 401 393 365 323 291 253 255 262 269 2B1 492
34. 402 395 410 401 373 331 296 260 261 266 276 269 5DB
35. 411 402 416 409 391 336 305 267 26B 274 263 297 51B
35 5 416 410 425 415 3B7 344 311 273 273 260 2B9 302 517
36. 422 415 430 419 391 346 315 277 276 2B5 292 305 511
36. 427 421 434 423 394 353 319 260 262 269 295 310 SOB
37. 434 427 441 430 402 360 326 2B7 268 294 302 316 529
37. 442 434 4SO 437 409 367 333 294 294 301 3DB 323 534
38.0 447 440 455 442 414 372 336 299 296 305 312 327 526
36. 451 445 459 445 417 375 341 302 302 310 316 330 522
39.0 455 449 463 446 420 37B 345 305 306 314 319 334 524
395 460 454 466 452 425 363 349 309 310 316 324 339 529
40. 463 457 471 454 426 366 353 313 314 321 326 341 516
40. 488 460 473 455 426 366 355 316 317 325 329 343 506
41. 466 463 474 456 429 390 356 319 321 327 331 345 506
41. 471 466 476 456 432 393 361 323 324 331 335 349 520
42. 474 469 491 460 434 396 364 326 327 334 336 352 522
42. 476 472 464 463 437 399 36B 330 331 336 342 356 524
43. 464 476 466 467 442 404 373 336 336 341 345 359 529
43. 467 479 491 470 445 40B 376 340 339 345 346 362 525
44. 467 461 492 470 445 409 377 340 341 347 350 364 514
44. 466 4B2 492 469 444 409 376 342 343 346 351 364 501
45. 46B 462 492 466 444 409 379 344 345 350 352 364 496
45. 469 463 492 456 444 410 360 345 347 352 353 3B5 499
46. 469 464 492 467 443 410 362 347 346 354 355 367 500
46. 490 464 492 467 444 412 363 349 350 355 356 36B 497
47. 490 464 492 467 444 412 364 351 352 357 356 369 495
47. 469 464 492 466 443 412 365 352 353 356 359 370 493
46. 46B 463 491 464 442 412 365 352 354 359 359 370 465
46. 4B7 462 469 462 440 411 365 352 354 359 359 370 4eo
49. 488 4B1 4B6 460 439 410 365 353 355 360 360 369 476
49. 465 4eo 488 456 437 409 365 353 355 360 360 369 475
50. 463 479 485 457 436 409 364 353 356 360 3BO 369 472
50. 462 477 463 454 434 407 364 353 356 360 360 369 466
51. 461 477 462 454 434 407 3B4 354 357 361 361 370 471
51. 461 476 461 453 434 4DB 365 355 356 362 361 370 474
52. 4B1 475 461 453 434 40B 388 357 356 362 362 371 477
52. 4eo 475 4B1 453 434 4DB 3B6 357 359 363 363 372 477
53. 460 474 460 452 433 40B 388 356 359 363 363 371 473
53. 476 473 479 451 432 4DB 388 356 359 363 363 371 467
54. 477 472 47B 449 431 407 365 357 360 364 363 371 466
54. 477 472 477 449 431 4DB 388 359 361 364 363 372 476
55. 476 471 477 449 431 407 388 356 360 364 364 373 47B
55. 476 471 477 449 431 4DB 367 359 361 365 365 373 479
56. 477 471 476 450 433 409 367 360 362 3B6 366 374 488
56. 476 472 479 452 435 411 369 362 363 367 366 376 493
57. 4eo 473 491 454 437 413 391 364 365 36B 370 37B 506
57. 463 475 463 456 442 417 395 367 36B 370 372 391 516
56. 467 479 4B7 463 447 421 396 370 370 373 375 3B4 526
56. 490 462 491 466 452 425 401 373 373 376 37B 367 53B
59. 494 4B5 495 473 457 430 405 377 376 379 360 391 539
59. 497 466 496 477 460 433 406 379 379 362 3B3 393 542
600 499 491 501 460 463 436 411 362 391 364 366 396 539
60. 502 493 503 4B3 466 439 413 3B4 363 3B7 366 396 539
61. 504 496 505 465 466 441 415 3B6 365 369 390 400 536
61. 506 496 507 4B7 470 443 417 366 367 391 392 402 537
62. 506 500 509 469 472 445 420 390 390 393 395 405 540
62. 510 501 511 491 475 447 422 392 392 396 397 406 536
63. 512 503 512 493 477 449 424 395 394 397 399 406 540
63. 513 505 514 494 476 451 426 397 396 399 400 410 536
64. 513 506 514 495 479 452 427 396 397 401 401 410 532
64. 513 506 514 495 476 452 427 399 399 402 402 411 523
65. 512 506 513 493 476 451 427 399 399 403 402 411 512
65. 512 506 513 492 476 451 42B 400 400 404 404 412 516
66. 512 506 513 491 475 451 426 401 401 405 404 413 516
88. 513 507 514 492 476 452 430 402 402 406 406 414 52B
67. 514 SOB 515 493 477 453 431 405 404 407 407 416 529
Steel And Atmosphere Temperatures On Primary Beam At PB1 Table 1.
67. 515 509 516 494 476 455 433 406 406 409 409 41B 530
66. 517 510 516 496 461 457 435 409 4DB 411 411 420 540
66. 519 512 520 496 463 459 437 411 409 412 413 422 544
69. 522 514 522 501 488 462 439 414 412 414 416 424 551
69. 524 516 525 504 469 465 442 416 414 417 416 427 554
70. 525 516 526 506 491 467 443 417 416 419 420 429 553
70. 529 521 530 510 496 471 446 423 420 422 423 433 566
71.0 530 522 532 511 497 473 449 423 420 424 425 435 561
71. 530 523 532 510 496 472 449 422 421 425 426 436 547
72. 530 524 533 509 495 471 449 422 421 426 426 437 543
72. 529 524 533 SOB 494 471 450 423 422 427 429 43B 541
73. 529 524 533 507 493 471 450 423 423 426 429 439 539
73. 52B 524 533 506 492 470 450 423 424 42B 430 439 537
74. 526 524 532 505 491 470 450 424 424 429 431 440 536
74. 527 524 532 505 491 470 451 424 424 430 432 441 537
75. 527 523 532 SO3 490 470 451 425 425 430 432 441 533
75. 52B 523 532 503 490 470 452 426 427 431 433 441 536
76. 52B 523 532 503 491 471 452 427 427 432 433 442 536
76. 529 524 533 504 491 472 453 42B 429 433 435 444 543
77.0 531 526 535 506 494 474 455 430 430 434 437 446 551
77.5 534 526 536 510 49B 476 459 434 433 437 439 449 563
76. 540 532 543 516 504 464 464 439 437 440 443 453 563
76. 547 536 550 524 513 491 469 445 442 444 450 460 619
79. 563 550 565 543 531 507 464 459 452 454 459 472 651
79. 567 555 570 547 535 512 488 460 453 457 461 474 620
60. 569 559 573 550 537 513 46B 461 456 460 463 476 607
60. 572 562 576 553 539 515 491 464 459 463 466 476 602
61. 574 665 576 553 541 517 493 466 462 466 466 460 595
61. 575 567 5BO 555 542 519 495 466 464 466 471 463 596
B2. 57B 569 561 556 543 520 497 471 467 471 474 465 600
62. 560 571 5B3 556 545 522 499 474 470 473 476 4B7 600
B3. 561 573 564 559 546 523 501 476 472 476 476 469 599
63. 563 575 588 560 547 525 503 476 475 476 461 491 601
64. 5B4 576 567 560 546 526 505 460 476 460 463 493 600
64. 565 577 566 561 549 52B 506 462 476 462 464 495 59B
65. 566 576 569 562 549 529 506 463 460 464 466 496 596
65. 567 5BO 590 662 550 530 509 465 462 4B5 467 496 596
88. 566 591 591 553 551 531 511 467 464 467 469 499 596
88. 569 5B1 591 563 552 532 512 4B9 4B5 469 491 500 594
67. 569 563 592 5B4 552 533 514 491 467 491 492 502 596
B7. 592 5B4 594 566 555 536 516 494 490 493 495 504 607
68. 594 5BS 596 569 556 539 519 497 493 495 496 506 609
68. 597 566 596 571 561 541 522 500 495 496 499 506 613
B9. 599 590 600 574 563 544 524 502 497 500 502 511 61B
69. 601 592 602 577 566 547 527 505 500 502 504 513 619
90. 603 595 604 579 56B 549 529 506 502 505 506 515 61B
90. 605 596 506 561 571 552 532 510 505 507 509 516 620
91. 607 596 606 563 573 554 534 513 507 509 511 520 620
91. 610 601 610 566 576 557 537 515 510 512 513 523 625
92. 612 603 613 566 576 559 539 516 512 514 516 526 626
92. 614 605 615 591 560 562 542 520 515 517 516 526 631
93. 616 607 617 593 563 5B4 544 523 517 519 521 530 633
93. 61B 609 619 596 565 566 547 525 519 522 523 533 636
94. 621 611 621 597 567 569 549 526 522 524 525 534 636
94. 622 613 623 599 569 570 551 529 524 526 526 537 636
950 624 615 625 601 591 572 553 532 526 526 530 539 636
95. 625 617 627 603 593 574 555 533 526 530 532 541 640
96. 627 619 629 604 594 576 566 536 530 532 534 542 640
96. 626 620 630 605 595 577 556 537 532 534 535 544 637
97. 629 622 631 605 595 57B 559 536 533 536 537 545 639
97. 531 623 633 606 596 579 561 540 534 537 539 547 643
96. 632 624 535 607 597 560 562 541 536 539 541 549 646
96. 633 626 636 606 59B 561 563 543 536 540 542 550 640
99. 634 627 637 6OB 599 562 565 544 539 542 544 552 643
99. 635 626 636 609 600 563 566 545 541 544 545 553 544
100.0 636 629 639 610 600 564 567 547 542 545 546 554 544
100. 63B 630 640 611 601 566 569 549 544 547 546 555 643
101. 636 632 642 612 603 567 570 549 545 54B 549 557 647
101. 639 632 642 612 603 567 571 551 546 549 550 55B 644
102. 640 633 643 612 603 566 571 552 547 550 551 559 642
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102. 640 634 B44 613 604 569 573 553 54B 551 553 560 642
103. 641 634 B44 613 604 569 573 554 550 552 553 561 640
103. 642 635 645 613 605 590 574 556 551 553 555 562 643
104. 642 636 645 614 605 591 575 557 552 555 556 562 642
104. 643 636 646 615 606 591 576 556 553 566 557 564 643
105. 643 637 647 615 607 592 577 55B 554 557 55B 565 645
105. B44 536 64B 615 607 593 57B 560 555 556 559 566 646
106. 645 53B 64B 617 606 594 560 562 556 559 560 667 644
106. 645 639 647 617 606 595 560 562 557 560 561 666 639
107. 643 636 646 616 606 594 560 562 557 560 561 666 637
107. 641 636 B44 614 606 592 576 560 556 560 561 567 631
106. 639 634 642 612 604 591 57B 560 556 560 661 567 626
106. 637 633 640 610 602 569 577 559 556 560 561 566 62B
109. 635 631 63B 609 601 566 576 556 556 559 661 666 62B
109. 633 630 637 607 599 567 575 556 555 559 560 566 626
110. 630 627 634 604 597 5B5 574 557 554 55B 559 565 61B
110. 626 625 631 602 595 564 573 556 554 556 559 663 612
111. 625 623 629 599 592 562 571 555 553 556 557 562 606
111. 622 620 626 597 590 579 570 554 552 556 566 560 604
112. 620 61B 623 594 567 577 566 553 551 554 555 559 600
112. 617 615 620 591 565 575 666 552 550 553 564 557 597
113.0 615 613 61B 569 563 573 5B5 551 549 552 553 555 596
113. 612 610 615 5B6 560 571 563 549 546 551 551 554 593
114. 610 606 613 564 576 569 562 546 547 550 550 552 593
114. 60B 606 611 562 576 666 561 547 546 549 549 551 594
115. 605 603 60B 560 574 5B6 559 546 545 547 547 549 566
115. 603 601 606 57B 572 564 557 545 543 546 546 546 564
116. 601 599 604 576 571 563 556 544 543 545 545 547 590
116. 600 596 602 575 570 562 555 543 541 544 544 547 591
117. 59B 595 600 573 566 561 554 542 540 543 543 545 562
117. 596 594 596 572 566 559 553 541 539 542 542 543 560
116. 594 592 597 570 565 556 551 539 536 541 541 542 579
116. 593 591 596 570 565 557 551 539 536 540 540 542 569
119. 593 591 596 571 566 556 551 539 536 540 541 543 605
119. 593 591 597 572 667 559 552 539 537 540 541 544 607
120. 593 591 596 573 666 560 552 539 537 540 541 545 607
120. 594 591 59B 574 569 560 553 539 537 540 541 545 603
121. 594 591 596 574 569 561 553 540 537 540 542 545 604
121. 594 591 599 575 570 561 553 540 537 540 542 546 607
122. 594 592 599 576 571 562 554 540 537 541 543 547 612
122. 595 592 600 577 572 563 554 540 536 541 643 547 610
123. 595 593 601 576 573 563 555 540 536 542 544 546 613
123. 596 593 602 579 574 564 556 541 539 542 544 549 614
124. 599 595 604 591 576 566 557 543 540 543 545 550 617
124. 601 597 606 5B4 576 566 559 544 541 544 546 551 621
125. 603 599 609 567 591 571 561 546 543 546 546 553 626
125. 606 602 612 569 564 573 663 546 B44 547 550 555 629
126. 609 604 615 593 567 575 565 550 546 549 552 557 634
126. 612 607 61B 595 569 576 567 552 546 550 553 556 633
127. 615 610 620 596 592 580 569 554 549 552 555 560 636
127. 61B 612 623 601 595 563 571 556 551 554 557 663 640
12B. 621 615 626 604 597 565 574 556 553 556 559 5B5 643
126. 624 61B 629 607 600 576 560 555 556 561 567 B44
129. 627 621 632 610 603 590 57B 563 557 560 563 569 647
129. 630 624 635 613 606 593 561 565 560 563 565 571 654
130. 633 627 636 616 609 596 5B3 667 562 5B5 567 574 655
130. 636 630 641 616 611 596 565 570 564 567 569 576 656
131. 639 633 644 621 614 601 5B6 572 5B6 569 572 579 65B
131. 643 636 647 625 616 604 591 575 569 572 574 561 663
132. 646 639 650 626 621 607 594 576 571 574 577 564 670
132. 650 642 654 531 624 610 597 561 574 577 579 567 672
133. 653 646 65B 535 626 614 600 564 577 560 563 591 680
133. 657 650 661 639 532 616 604 567 560 563 5B6 594 664
134. 660 653 665 643 535 621 607 590 563 588 569 597 688
134. 663 657 66B 646 639 624 610 593 565 566 591 600 665
135. 665 659 670 647 640 625 611 594 567 590 593 602 674
135. 664 656 66B 645 636 624 610 594 567 591 593 601 657
136. 661 657 666 642 635 622 609 593 567 591 593 600 64B
136. 660 666 664 641 634 621 609 594 566 592 594 599 650
137. 659 655 662 639 632 620 6OB 594 569 592 594 599 64B
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137. 656 654 661 636 632 620 609 595 590 592 594 600 651
136. 65B 654 661 636 632 620 610 596 591 593 595 600 656
136.5 657 654 661 63B 632 620 610 596 591 594 596 600 656
139. 657 653 660 636 631 621 610 597 592 594 596 601 655
139. 657 653 659 637 631 621 611 596 593 595 596 601 651
140. 656 653 659 637 631 621 611 596 593 596 597 601 654
140. 656 653 559 637 631 621 611 599 594 596 596 602 657
141. 666 653 659 537 532 621 612 599 594 597 596 603 660
141. 65B 654 661 639 534 623 614 601 596 596 600 605 666
142. 660 655 664 641 636 625 616 603 597 599 602 607 672
142. 661 656 664 642 637 626 617 604 596 600 602 607 665
143. 662 657 665 642 637 627 617 605 599 601 602 606 663
143. 662 657 665 643 63B 62B 61B 606 600 602 604 609 667
144. 663 656 666 645 640 629 619 607 601 603 605 610 670
144. 664 659 667 646 641 630 621 609 602 604 606 611 669
145. 670 663 671 552 646 636 626 615 6DB 607 611 616 711
145. 660 670 661 665 660 646 536 623 613 613 617 623 732
146. 662 674 664 667 662 649 536 623 614 615 617 624 696
146. 662 675 664 667 662 649 636 623 615 616 617 624 663
147. 662 675 664 666 661 646 636 624 616 617 61B 624 677
147. 662 676 664 666 660 646 636 625 617 61B 620 625 662
146. 663 677 665 666 881 649 637 625 616 619 621 627 666
146.5 663 676 666 667 662 649 636 627 619 621 623 626 666
149. 664 676 666 666 661 650 639 627 620 622 623 629 663
149. 664 67B 665 665 660 649 639 626 621 622 623 629 676
150. 664 676 665 666 661 650 640 629 622 623 624 629 660
150. 664 676 665 666 661 650 640 630 623 624 625 630 661
151. 663 67B 664 664 660 649 640 530 623 624 625 630 675
151 562 677 664 664 659 649 640 530 623 624 626 630 675
152. 665 679 665 666 662 652 643 634 626 626 626 632 694
152. 663 676 665 665 661 651 641 631 624 626 626 631 672
153. 679 675 660 660 666 647 636 626 622 624 624 626 650
153. 673 671 674 654 649 641 634 625 620 622 622 624 632
154. 666 665 667 647 643 634 629 621 617 619 619 620 616
154. 656 659 660 639 635 62B 624 617 614 616 615 616 606
155. 651 652 653 631 626 622 619 613 611 613 612 611 595
155. 644 645 645 623 621 616 615 609 606 609 606 607 666
156. 636 639 636 615 614 610 610 605 604 606 604 602 577
156. 629 631 630 60B 607 604 605 601 600 602 600 59B 570
157. 622 624 623 601 600 596 600 597 597 596 596 593 563
157. 614 616 616 593 593 592 595 592 593 594 592 556
156. 607 611 609 566 567 567 590 568 569 590 5B7 5B4 550
156. 601 604 602 5eo 560 5B1 565 564 565 565 563 579 544
159. 594 597 595 573 574 576 561 579 561 591 579 574 537
159. 567 590 569 567 566 570 576 575 576 577 575 570 531
160. 561 564 562 560 562 565 571 571 572 573 570 565 525
160. 575 576 576 554 557 560 566 566 566 569 566 561 519
161. 569 571 570 546 551 555 562 562 564 564 562 556 514
161. 563 566 564 543 546 550 557 55B 560 560 557 552 509
162. 557 560 556 536 541 545 552 554 556 556 553 546 503
162. 551 554 552 532 536 540 546 550 552 552 549 544 496
163. 546 646 647 527 531 536 544 546 546 547 545 539 493
163. 540 543 541 522 526 531 539 542 544 543 540 535 466
164. 535 537 536 517 521 526 535 536 540 539 536 531 463
164. 529 532 531 512 517 522 531 534 536 535 532 527 476
165. 524 527 526 506 512 516 527 530 532 531 526 523 473
165. 519 522 521 503 506 514 523 526 526 527 524 519 466
166. 514 517 516 49B 503 509 519 522 524 524 521 515 464
166. 509 512 511 494 499 505 515 519 520 520 517 511 459
1670 505 507 506 490 495 501 511 515 517 516 513 506 455
167. 500 503 502 465 491 496 507 511 513 512 509 504 451
166. 495 496 497 461 467 493 503 506 509 506 506 500 446
166. 491 494 492 477 463 490 499 504 506 504 502 496 442
169. 488 469 468 473 479 488 496 500 SO2 501 496 493 436
169. 462 465 464 469 475 462 492 497 496 497 495 4B9 434
170. 47B 460 460 465 471 47B 466 493 495 494 491 488 430
170. 474 476 475 461 466 474 465 490 491 490 462 426
171. 470 472 471 457 464 471 491 467 468 467 464 479 422
171. 466 466 467 454 460 466 476 463 465 464 461 476 416
172. 462 464 463 450 457 464 474 460 461 460 476 472 414
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172. 456 460 459 447 453 461 471 477 47B 477 474 469 410
173. 454 456 455 443 450 457 456 474 475 474 471 466 407
173.5 450 452 452 439 447 454 465 471 472 470 46B 463 403
174. 446 449 446 436 443 451 462 466 466 467 465 460 399
174. 443 445 444 433 440 447 45B 464 466 464 462 457 396
175. 439 441 441 429 437 444 455 461 462 461 459 454 392
175. 435 436 437 426 434 441 452 456 459 456 456 451 369
176. 432 434 434 423 431 43B 449 455 456 455 453 446 3B6
176. 426 431 430 420 427 435 446 452 453 452 450 445 363
177. 425 42B 427 417 424 432 443 449 450 449 447 442 379
177. 422 424 423 414 421 429 440 446 446 446 444 439 376
176. 41B 421 420 411 416 426 437 443 444 443 441 437 373
17B. 415 416 417 407 416 423 435 441 441 440 439 434 370
179. 412 414 414 405 413 420 431 436 439 437 436 431 367
179. 409 411 411 402 410 416 429 435 436 435 433 426 364
160. 406 406 407 399 407 415 426 432 433 432 430 426 361
160. 403 405 405 396 405 412 423 430 430 429 427 423 356
188. 373 376 375 369 37B 388 397 403 404 403 401 397 330
196. 326 330 330 327 337 344 355 361 361 360 360 356 267
206. 292 294 294 294 305 310 321 327 326 326 326 324 253
216. 264 267 266 269 279 264 294 299 299 299 299 297 232
226. 242 245 245 246 259 262 272 277 276 276 276 275 213
236. 217 220 219 225 236 240 250 255 254 255 255 254 169
246. 195 196 196 205 217 221 231 236 235 236 236 235 151
256. 176 161 160 190 201 205 215 220 219 219 220 219 139
266. 163 166 166 176 16B 191 201 205 204 205 206 205 126
276. 152 154 154 165 177 160 169 193 192 193 193 193 119
288. 142 144 144 155 167 170 179 162 161 IB2 163 162 112
296. 134 135 136 147 156 161 169 173 172 173 173 173 106
306. 126 127 126 139 150 153 161 164 163 164 165 164 100
316. 119 120 121 132 143 146 154 156 155 156 157 157
326. 113 114 115 126 137 139 147 149 146 150 150 150
336. 106 109 110 121 131 133 140 143 142 143 143 143
346. 103 104 105 116 126 12B 135 137 136 137 136 136
356. 100 101 111 121 123 129 131 131 132 132 132
366. 107 116 116 124 126 126 127 127 127
376. 103 112 114 120 121 121 122 122 122
388. 100 106 110 116 117 117 liB 116 116
3965 105 106 112 113 113 114 114 114
406. 101 102 106 109 109 110 110 110
416. 104 106 105 106 106 106
426. 101 102 102 103 103 103
436. 100 100 100
446.
466.
466.
476.
466.
496.
506.
516.
526.
536 5
546.
556.
566.
576.
588.
596.
606.
616.
626.
636.
646.
656.
666.
676.
666.
696.
706.
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716.
726.
736.
746.
756.
766.
776.
788.
796.
606.
616.
626.
636.
646.
656.
966.
676.
966.
696.
906.
916.
926.
936.
946.
956.
966.
976.
988.
996.
1006.
1016.
1026.
1036.
1046.
1056.
1066.
1076.
1066.
1096.
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TEMPERATURE DEGREES CENTIGRADE
STEEL 6EAM
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'"'
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22' '15
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OS, '52 23'
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'"'
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390 30' 223 23' '55
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30. '95 39' OS, '50
305 39' 29'
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"'0 '30 '96
33. 330
34. 300 325
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"'.
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TEMPERATURE DEGREES CENTIGRADE
STEEL BEAM
TIME LOWER WEB UPPER
MINS 151 FLANGE INI (51 FLANGE (NI
5,. 515 516 517 518
,. ,. 
8.0
15 
16 
8.0
10.
10.
110
115
59 
101
13. 106 9B 
13. 115 105 101
122 106
14. 129 119 111
15. 136 126 116
15. 119
16. 139 "4 
16. '54
160 152 131
165 157
19. 171 163 138
19. 175 168
19. 179 173 "2 
19. 185 179 146
20. 190 19' 149 101
20. 189 153 10'
197 161 100 10'
21.5 203 103
22. 215 209 168 106 115
22. 222 215 109
23.0 22' 221 177 121
23. 233 227 181 115 125
24. 239 233 185 118 128
24. 242 237 11B 131
25. 249 19' 122 136
25. 257 251 201 126
26. 265 25' 207 131
25. 272 265 214 135 150
27. 279 272 219 154
27. 285 279 225 
,.,
158
2B.O 292 296 230 164
28. 29' 292 153 16'
29. 305 300 240 158 173
29. 307 247 162 17B
30.0 318 313 252 '66 192
30. 324 320 257 171 187
31. 330 326 251 175 191
315 336 332 268 119
32. 338 272 183 200
32. 277 187 205
38.0 355 351 283 191
33. 360 357 195
366 363 292 199 218
369 29' 203 223
350 319 376 303 22'
35. 385 383 310 211 233
36. 391 389 314 215 237
36. 396 39' 318 21B 241
37. 401 400 321 222 244
. No! Measu,ed
I Nol Recc,ded
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517 516
X 516
514 515
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37. 407 327 226 26'
38. 412 33' 253
38. 416 335 233 257
330 420 338 235 260
38. 424 542 239 264
427 428 544 241 26'
430 430 345 264 269
41. 433 349 245 272
438 437 352 26' 275
42. 439 355 252 278
42. 442 442 357 254 280
43. 444 445 359 256 282
43. 447 448 362 259 285
44. 449 450 364 257 287
44. 450 451 365 262 288
45. 451 453 366 264 28'
45. 452 454 367 265 290
45. 453 465 367 267 291
45. 454 456 368 268 292
47. 465 456 368 269 293
47. 465 456 369 270
48. 465 457 369 27' 295
48. 456 457 370 272 296
49. 455 456 369 274 296
49. 465 456 369 275 298
50. 455 456 370 276 288
555 455 456 370 277 299
51. 454 465 370 278 300
51. 454 465 370 280 30'
52. 454 454 370 28' 30'
52. 453 454 370 282 302
53. 453 453 370 283 304
535 453 453 370 304
54. 452 452 370 285 305
54. 457 451 370 286 336
65. 45' 451 377 288 307
65. 451 451 37' 289 3DB
56. 450 450 377 290 309
56. 450 450 372 291
57. 451 451 374 283
575 452 452 376 295 373
58. 453 453 378 297 375
58. 465 465 38' 29'
59. 457 457 383 307 319
59. 459 459 386 303 322
60. 457 460 388 305 323
60. 462 462 390 306 325
57. 464 464 392 3DB 327
57. 465 465 393 310 329
62. 467 468 395 33'
62. 468 468 314 333
530 45' 469 399 334
53. 471 471 400 317 336
64. 472 471 407 378 33B
'4. 472 472 402 319 339
55. 472 472 402 327 540
55. 472 472 402 322 341
56. 473 473 403 323 342
56. 473 473 ,,4 325 544
57. 474 474 406 327 345
475 475 407 32B 345
68. 476 476 409 330 348
685 478 477 470 350
69. 479 479 473 333 352
69. 451 480 474 335 353
70. 452 451 478 33' 355
70. 485 494 420 339 357
456 486 422 540 358
488 487 423 342 36'
72.0 488 488 423 543 362
72.5 489 488 42' 54' 36'
73.0 490 49' 42' 546 365
73.5 490 490 426 547 366
740 49' 490 427 54' 387
745 491 '91 428 350 369
75. 492 497 429 351 370
75. '93 492 430 353 377
78. 493 354 373
76. 495 494 433 356 374
77.0 498 435 357 376
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77.5 498 497 OS, 378
78. 50. 500
..,
381 380
785 505 503 448 '84 '84
78. 512 459 38' 391
79. 518 517 482 371
80. 522 521 485 373 398
805 525 524
, .
378 39'
91. 527 528 487 378 481
91. 528 528 380 403
82. 531 530 471 382 408
82. 532 532 473 385 40'
83. 534 534 474 387 410
83. 538 538 412
84. 538 538 478 391 414
84. 540 539 480 393 41'
55. 541 540 491 395
55. 542 542 482 397 420
85. 542 483 399 422
85. 54, 544 484 401 424
97. 546 545 487 403 428
97. 548 547 459 408 425
,8.0 550 549 492 408 430
58. 551 551 494 410 452
09. 554 553 '97 412 435
09. 555 555 49' 414 437
90. 558 557 501 416 439
90. 559 55' 503 419
561 560 505 421 ..4
975 563 982 507 423 446
82. 565 584 509 448
92. 56' 556 511 427 460
93. 98' 56' 513 452
93. 571 570 515 431 454
573 572 515 434 457
575 574 520 459
95. 576 576 523 482
95. 579 578 525 440 464
96. 581 580 527 46'
96. 583 582 52' 445 '56
97. 585 584 532 ..7 471
97. 587 58' 534 473
,8.0 58' 558 53' 475
56. 591 590 538 454
99. 593 592 540 479
99. 595 554 542 458 482
100.0 597 596 545 '80 '84
100. 59' 59' 547 482 456
101. 800 59' 54' 455 48'
IOU 602 601 550 487 490
102. 604 503 552 46' 492
102. ,as 604 55' 471 49'
103. 607 698 555 473 496
103. 609 607 557 475 49'
104. 810 50' 558 500
10'. 811 610 560 502
105. 813 812 562 491 504
105. 815 61J 564 483 505
108. 815 815 564 484 507
108. 816 815 564 485 508
107. 816 815 564 487 50'
107. 815 563 468 509
108.0 815 814 562 490 510
108.5 562 481 511
108. 813 562 492 511
1095 513 812 581 493 512
110.0 812 811 560 484 512
110. '10 810 559 512
111.0 50' 50' 558 '95 512
111. 50' 607 557 496 512
112. '08 605 556 496 512
112. 605 604 555 49' 512
113. 604 602 555 49' 512
m.5 601 554 497 511
114. 681 599 553 '97 511
114. 600 598 552 '97 511
115. 598 551 497 511
115.5 587 595 551 '97 510
116. 596 594 54' 497 510
116. 584 593 54' 497 510
117.0 593 592 54' 497 510
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"'.
592 590 491 500
597 589 547 497 '09
118.5 590 '58 547 '09
590 '58 54' 497 '09
590 558 408 '09
1200 590 558 549 408 510
120. 590 558 '49 458 510
10..0 590 558 510
121.' 590 558 550 499 511
122. 590 ,sa 550 499 511
122. 597 589 551 SOO 512
120.0 591 58' 552 SOD S12
123. 592 590 553 SOl 512
120. 593 591 555 SO1 514
"05 583 557 SO2 '15
125.0 597 'OS '59 SO3 517
125. 558 595 582 51'
12" '00 58' '64 505 520
126. 602 '58 506 521
127. 'DO GO3 '58 SO7 523
127. 607 GO' 571 '09 52'
128. '09 'OS 573 510 527
128. '12 610 575 512 '29
129.0 614 613 513 531
129. 615 580 515 533
1200 583 534
1305 921 ,sa '36
1210 623 62' 587 520 '39
121.5 '25 'SO 521 641
132. '28 '28 592 523 543
132. '31 530 58' '25 545
133. 533 597 527
133. '36 '36 GOO '28 'SO
124. '39 '39 531 55'
12'. GO, 533 55'
135.0 643 ,OJ GO, 535 '58
12'. 643 643 GO4 '36 55'
1360 643 GO2 537 557
136. 557
137.0 601 539 558
137. 64' 642 601 559
138. 601 559
138. 642 GO2 'OJ 580
139. 642 GO2
,..
'61
138. 642 GO2 581
140. 642 GO2 58'
140.5 GO3 583
141 642 564
"'.
,OJ '06 ,sa
142.
,.. ,..
GO, ,sa
142. GO, 550 587
143. GO, '51 ,sa
'09 552 589
144. '09 553 570
"0. 54' 553 570
813 '55 S72
"5. '51 651 '58 575
653 653 61' 55' '76
'19 '59 S77
147. '55 '55 620 560
'55 '55 620 581 '79
'58 '56 621 582 580
657 657 62' 583 'S1
6S7 6S7 622 584 582
,
657 657 622 58' 582
1500 '58 657 622 58' 583
150.5 '58 '58 622 587 584
151.0 '58 '22 58' 584
151' '58 65' 623 56' 58'
152. '58 65' 623 569 '56
152. '58 '58 622 570 58'
1530 '56 '58 61' 570 '54
153.5 653 653 61' 570 583
150. '49 58' 582
1505 64' 607 '69 580
155. 64' 641 GO3 '69 57'
1555 537 '69 '67 '76
156. 533 532 59' '59
159. '28 627 '97 '54 571
157. 624 622 587 59' 56'
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157. 619 583 561 59'
158.0 '14 '12 559 553
156.5 609 607 574 557 560
159. 605 50' 570 555 558
1595 '50 597 556 553 55S
160.0 595 592 551 552
160. 590 '97 '58
161.0 583 555 54' 54'
161.5 581 57' '61 543 543
"'.
'76 573 567 541
,.
56' '38 537
163. 567 563 540 '36 534
163. 559 536 533 531
164. 55' 554 530
16'. 553 550
1650
165.5 64' 541 519
166. 537 '18 519 51'
'665 536 53' '14 616 613
167. 531 611 513 610
167. '97 507 511 '07
16B.O '08 SO4
166. 619 61' SOD 505 501
169. 615 511 497
169. 511 '07 495
170.0 507 SO3
170. 503 SOD ..7
1710 499
,..
486
171. 495
"" 
491
..,
485
487 ..4
173.0 4.. 400
173. 400
. ,
174. 67' 465 476 159
174. 473 470 15' 467
175. 469 467 159 15'
175. 486 153 456 15' 461
176. 15' 460 483
176. 459 461 461 456
1770 456 458
177., 'SO 455 4SO
178. 453
..,
176.
..,
..3 439 'SO
179. ..3 ..0
,..
179. 439 437 ..0
180.0 431 437
180. 431 435
186.5 410
196. 354 355 360 373 369
206. 315 316 339 335
216. 2.. 286 311 507
226. 260 275 ,sa 285
236. 236
246. 2OS '12
256.5 190 193
266. 174 177 'OS
2765 16' 165 185 199 197
286. 151 15' 174
2965 14' 144 165 179 177
306. 136 157 171 169
316. 127 129 150 163 161
326.5 123 143 156 15'
336. 115 117 137 150
3465 110 112 1.. 142
356. 106 108 127 139 137
366. 101 103 13'
376.5 118 129 127
386. 114
59" 110 121 119
406. 107 117 115
'16. 104 113 112
426. 100 110 108
,,6.5 106 105
446. 10' 10'
456. 101
'66.
'76.
'86.
'96.
'06. 00 
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Appendix F
Steel Temperature - Test 1 Cardington
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Time vs Steel Temperature Primary Beam Test 2
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Time vs Steel Temperature Edge Beam Test 2
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0
100
200
300
400
500
600
700
800
900
0.0 50.0 100.0 150.0 200.0 250.0
Time (min)
T
e
m
p
e
r
a
t
u
r
e
 
(
C
)
Lower Web Upper
Time vs Yield Strength
0
5
10
15
20
25
30
35
40
0.0 50.0 100.0 150.0 200.0 250.0
Time (min)
Y
i
e
l
d
 
S
t
r
e
n
g
t
h
Series1 Series2 Series3
Time vs Modulus of Elasticity
0
5000
10000
15000
20000
25000
30000
35000
0.0 50.0 100.0 150.0 200.0 250.0
Time (min)
E
l
a
s
t
i
c
 
M
o
d
u
l
u
s
Series1 Series2 Series3
Time vs Steel Temperature Edge Beam Test 3
0
50
100
150
200
250
300
350
400
0.0 50.0 100.0 150.0 200.0 250.0
Time (min)
T
e
m
p
e
r
a
t
u
r
e
 
(
C
)
Bottom Web Upperr
Time vs Yield Strength
20
22
24
26
28
30
32
34
36
38
0.0 50.0 100.0 150.0 200.0 250.0 300.0
Time (min)
Y
i
e
l
d
 
S
t
r
e
n
g
t
h
Series1 Series2 Series3
Time vs Modulus of Elasticity
20000
21000
22000
23000
24000
25000
26000
27000
28000
29000
30000
0.0 50.0 100.0 150.0 200.0 250.0 300.0
Time (min)
E
l
a
s
t
i
c
 
M
o
d
u
l
u
s
Series1 Series2 Series3
Steel Temperature - Test 4
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Steel Temperature - Test 4 (Secondary)
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Time vs Steel Temperature E119 and ISO 834
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Steel Temperature - Standard Fire Curve
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Appendix G
TEMPERATURE - TIME CURVES FOR UNINSULATED
STEEL STRUCTURES
The heat balance equation
The quantity of heat Q which passes through the boundary layer between the com-
bustion gases and the steel section per unit length over a short Interval of time
A t can be written (see Fig. 5. 1 a)
Q -aF
(,'), ,').
)61 (kcal/m) I Jim! 1 a)
where a = surface coefficient of heat transfer in the boundary layer between the
combustion gases and the steel section (kcal/m2 Oc h) I w 1m2 Oc I
F s= the surrce of the steel section per unit length which is exposed tofire (m 1m)
= the gas temperature in the fire compartment at time t ("C)
= the temperature of the steel section at time t (
At = the length of time interval (h) I s I
In order to increase the temperature of the steel section byA&s o , a quantity of
heat Q per unit length is required, the expression for this being
Q ~c 6,').
.y.
(kcal/m I JIm I (5. 1 b)
where "S = the specific heat capacity of the steel (kcal/kg oC) I J/kg O
s = temperature rise in the steel section (V s = volume per unit length of the steel section (m3/m)
'Y s = density of the steel (kg/m
The quantity of heat supplied according to Equation (5. 1. a) is equal to the quan-
tity of heat required according to Equation (5. 1 b) to increase the steel tempera-
ture by
s o
. This gives the following expression for the rise in temperature
A.fIs in the section over the time interval At during the fire
lJ.,') - ~(,') -,'))61 (C)
. Y.
", 
(5. 1 c)
'--
I".
, :
Fig. 5 1 a. Unlnsulated steel section exposed to fire on all
sides. &1 ~ gaa temperature In fire compartment, .as ~ tem-
perature of steel section
Derivation of Equation (5. 1 c) is based on the assumptions
that, at every point of time , the steel temperature is uniformly distribu-
ted over the cross section .of the steel member
. The thinner th", parts ofthe cross sli?tion, the greater the validity of this assumption
that heat flow.is unidimensional. The smaller the corner effects
, thegreater the validity of this assumption
Owing to the high thermal conductivity of steel
, these assumption~ !Dve satisfac-tory accuracy in ordinary cases. Sections of extremely thick walls constitute
exceptions to the above.
If the gas temperature-time curve and thus il
t is known for a fire compartmentthe maximum steel temperature can be determined by calculating the riseAi)s
in steel temperature for each time interval by means of Equat!on (5 1 ~).
In Table 5 c in the Design Section
, maximum steel temperatures i! max calculat-
ed by computer are presented for different fire loads q 
and opening factorsA'ih/A t in the fire compartment. The calculations werc performed by mcans ofEquation (5 1 c), the different gas tcmperature time curves for fire compartmenttype A (the standard fire compartment) according to Subsection 4. 3 being used
as the input data.
The quantities included in the heat balance cquation
1 The length of the time intervalAt
------
Since the gas temperature iI t and the steel temperature,g s vary with time, the
accuracy in calculating temperatures according to Equation (5, 1 c) depends onthe length of the time interval At. As a rule
, a time interval At correspondingto one tenth to one twentieth of the duration of the whole fire process provides
fully satisfactory accuracy.
2 The density of steelys
The density of steel 
s is 
7850 kg/m
3 The specific heat capacity cps of steel
The specific heat capacity c
,!s of steel varies with the temperature of steel andits composition. RepresentatIve values of the specific heat capacity for ordinary
structural steels at.different ternperatll'es are given in Table 5
3 a
Temp ('
.. (kcal/kg 
.. (kJ/kg o
IIS 482100 IIS 482200 1lS 0522300 134 S60400 143 600SOO IS3 640600 163 682700 166 69S
Table 5 3 a. Representative values of the spe-
cific heat capacity c s for ordinary structural
steels at different te
~peratures
4 The surface coefficient of heat transferor of the boundary layer
The surface coefficient of heat transfer or of the boundary layer Is made up of a
convection portion and a radiation portion. With an accuracy that is sufficient in
a fire engineertng context, the convection portionor k can be put equal to 20 kcal/
2 oc h 123 W/m2 ocL The temperature dependent radiation portionor s is deter-
mined from the expression 
96. +273
' - 
/1, +273
". - ". 
100 100 . (kcal/m2 Oc h) (5. 4 a)
77., +273
' - 
+ 273
, 11.
", 
100 100 I W/m
where ~ r = resultant emissivity
.(; t = gas temperature In the fire compartment at time t fa)
.(; s = temperature of the steel. section at time t 
fa)
The total surface coefficient of heat transfer or =or k +or s Is thus
=20 
96. +273 +273100 100 (kcal/~2 Oc h)
(5. 2.4 b)
a=23+ 
77.. +273
' - 
1J. +2?l
11, /1. 100 100 I W/m2 Oc !
The resultant emissivity ~ r is dependent on the emisslvities ~ t and ~ s of the
flames and the steel strncture and on the sizes of the flames and the steel strnc-
ture and their positions relative to one another. In the case of two IDfinitely large
parallel surfaces, all radiation from the one surface Impinges on the other sur-
face, and vice versa. The expression for the resultant emissivity is then
I/..+I/E, (5. 4 c)
where ~ t ~ emissivity of the flames
s = emissivity of the steel section
Equation (5 2.4 c) can be used for calculation of ( r for a column placed in the
fire compartment which is exposed to fire on all sides. since If It is assumed
that the flames completely surround the column, all radiation from these will
Impinge on. the column, and vice versa. The emissivity of flames ~ t which var-
ies, inter alia, with the size of the flames, Is usually In the range 0. 6 - 0. 9 .
(43). The emissivity of the steel structure ~ s can normally be assumed to be
8 (43). Taking the emissivities of the flames and the steel structure as 0.
and 0. 8 respectively, Equation (5. 4 c) gives a resultant emissivity of ~ r =
In the event of fire inside the building, a column placed outside the facade will
be exposed to less radiation from the flames than a column placed Inside the
fire compartment. Furthermore, the cold outside air retards the temperature
rise in the column. . This can be approximately taken Into consideration by using
a lower value of the resultant emisBivity (
r than that applicable to an Internal
column. An analysis of the conditions shows that a value of ( r = 0. 3 can be used
t--Lt
. . . . . ' . .
. i
.J.
-.-. .-.- - -.-.- =----
I Suspended ceillDg or flam
t-------
,- - -
--t
Fig, 5. 4 a. Floor construction where the flames or sus-
pended celUng. are in their entirety below the floor girders
for a rough assessment of the maximum steel temperature
, which is on the safe
side, in a column placed immediately outside a window opening (43).
In the case of floor girders situated in rooms of sufficient height and floor girders
protected by a SUSpended ceiling, l the whole of the heat emitting surfaCe, i.
, theflames or the top ~f the suspended ceiling, Is below the girders. Some 
parts of thegirder surfaces will not be subjected to full radiation in such a case
, since they
are partly shielded from the flames by other parts
. of the girders (see Figure4 a), The radiation to which the girders are subjected is dependent 
on the
width-height ratio b/h of the girders and on the spacing-height ratio c/h of the
girders. The resultant emissivity " r as a function of these geometrical condi-
tions is shown in.Fig. 5 4 b for different values of the emissivity" t for the
flames or the sUSpended ceiling. The girder and floor emissivitles "
s . and (have been taken as 0. 8 throughout.Unless some other value is shown to be more
correct, it is recommended that a value of 0 85 should be taken as the ~missivi-ty ( t of the flames in fire engineering dehign.
0,5
't.j=O,
=0,7 _ -c/h=m
::::::::-,,:--
c/h.m
'bj -O.
~"O,1f _ -C/h="
::::=.:::--
e/b=
0,5 \0 b/h b/h
'1,j-0,8 . h=m
::. - 
c/h=
Fig. 5 4 b. Resultant emissivity "
r for stee1 floor gir-ders under fire exposure conditions
, with the fIm11es or the
suspended ce1llng situated below the girders, 
s = emissivity of stee1 girders
, "
bi . emissivity of floorslab
, (
t - emisslv1~ of the flames or suspended celUng,b/h = width-deptb rat!o of girders
, c/h = spaclng-depth ratio
of girders. = I sections
, .
--- = box sectionsb/h
i "
. . . ~ ~. .  . ~) 
t /l N ( fig. ,. w. noo. 
--- 
..... .""'00 
rate between the girders
Where the flames penetrate between the girders (see Fig. 5. 4 c), the girders
are exposed to greater radiation than floor girders Ylhich are situated completely
above the flames. The resut tant emissivity ( r for I girders carrying a floor slab
on their top flanges, with the flames penetrating between the girders right up to
the soffit of the slab, Is given In Fig. 5. 4 d as a function of the width-height
ratio blh of the girders, for dIffet:ent values of the flame emissivity ( to The
emissivity of the girders ( s was assumed to be 00 80 Unless some other value
can be shown to be more correct, it Is recommended that the value of the flame
emissivity ( t is taken to be 0 85 in fire engineering design.
For floor girders of box section, the resultant emiseivity (r is to be calculated
in the same way as for a column placed inside the fire compartment, if it is as-
sumed that the flames reach the soffit of the floor slab. If the emissivities 
the flames and the girders are taken as 0. 85 and 0. 8 respectively, Equation
(5. 4 c) gives a resultant emissivity of (r = 0.
In the case of floor girders where the bottom flsnges carry the concrete floor
slab and It is consequently only the underside of the bottom flange that is directly
exposed to flre, heat Is conducted away fl;'om the flange up into the rest of the gir-
der and the concrete slab, This condition can be approximately taken into account
by basing the calculation of the steel temperature development on a value of the
resultant emissivity that is lower than the value of 0. 7 determined purely on the
basis of radiation geometry. A value of ( r = 0, 5 -of the resultant emissivity Is
recommended in this case, which gives a steel temperature on the safe side (43) 0
,-,
A summary of the recommended values of the resultant emissivity ( r to be used
0,5
Et= 0.9
Fig. 5. 4 d. Resultant emissivity (r for
I section noor girders where the flames
penetrate up to the floor slab. (t =emlssl-
vlty of flames, bib = width-depth ratio of
girders. The emissivity of the girders (s
assumed to be 0.0.5 0 b/h
~!~J JOO
400 600
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400
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in fire engineering design of different structures Is given in Table 5 a in the De-
sign Section . The values quoted give steel temperatures on the safe side.
1000 't
Fig, 5, 4 ,e. The ratio a r as a f,,!,c-tlon of the gas tem~rature ~
t In the fire
compartment and the, temperature ~s ofthe steel section
When the value of (
r Is known, the radiation portion ex s of the surtace coefficient
of heat transfer according to Equation (5 4 a) can be calculated with the assist-
ance of Fig. 5 4 e, after which the total surface coefficient of heat transfer 
Is given by Equation (5 4b). "
5 The F s ratio of the steel section
The ratio F s Iv s between the fire exposed surface of the steel section and its
volume per unit length varies as a function of the section dimensions and the
method of construction.
For a floor girder where the floor slab Is carried on the top of the 
top flange, thefire exposed surface F s is equal to the total surface area of the section per unit
length, less the area of the top of the top flange
, and the volume V 
s Is equal tothe total volume of the girder per unit length.
In the case of a floor girder where it Is only the bottom of the bottom flange that
is directly exposed to fire, only the volume of the bottom flange and not the whole
volume of the girder Is to be taken as V s
' This approximation , wblch yields re-
sults on the safe side, means that Fs /vs is put equal to lit, where t Is the thick-
ness of the flange In metres.
For a column placed Inside a fire compartment and exposed to fire on all sides
the fire exposed area F s Is equal to the total surface area of the section per unit
length , and the volume V s equal to the total volume of the column per unit length.
In calculating the temperature in a fire exposed column placed outside the facade
it is best to put the fire exposed area F s equal to the area of the flsnge facing
the building plus the area of both sides of the web per unit length. The whole vol-
ume of the column per unit length is to be taken as V ~43).
Examples of the way in which F s Iv s is to be calculated for different structures
are given in Fig. 5a in the Design Section. Table 5 b in the Design Section also
gives values of the F s I Vs ratio for rolled I girders for free-standing columns in-
side the fire compartment and for floor girders carrying s floor slab on the top
of the top flange.
Dependence of the maximum steel temperature on Fs /VS' "r and -&
As a rule, the ratio of the fire exposed surface F s to the. enclosed steel volume
V s exerts a great influence on the maximum steel temperature 
-& 
max. The max-
imum steel temperature is further dependent on the value of the resultant emis-
sivity" r. Finally, the gas temperature-time relationship tv primarily deter-
mined on the basis of the opening factor 4fh; At of the fire compartment and the
fire load q, is of great significance for the value of the maximum steel-tempera-
ture.
An example of the influence of the Fs Ivs ratio on the maximum steel tempera-
ture -&max for two different values of the fire load q, a given resultant emissi-
vity " r and a given opening factor Arb/At, is given In Fig. 5. 3 s
An'example of the influence of the resultal!t emissivity" II on the maximum steel
ten;-perature -&max at a given F s /V s ratio and a given oPening factor A Vb/A
is given in Fig. 5. 3 b.
An example of the influe~ce of the opening factor A Vb; At on the maximum steel
temperature 
-& 
max for a given resultant emissivity" r and a given F s /V s ratioisgiveninFig. 3c. 
. 1I"-!IoJJ
~\I'"
500
100 150 '
tV. 200 m
Fig. 5 . 3 a. Maximum steel temperature
max as a function of the F lV s ratio of
the steel section for fire loads of q = 10
1421 and 20 Mcal/m2 184 MJ/m21. The
resultant emissivity (r = 0. 5 and the
opening factor of the fire compartment
A.fh/At = 0. 08 ml/2
1000
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Fig. 5. 3 b. Maximum steel temperature
max as a function of the resultant emissi-
vity (r for fire loads q : 101421 and
20 Mcal/m2 184 MJ/m2\. The F./Vs
ratio ~ 100 m l and the opening factor 
the fire compartment AVh/ At = 0. 08 m
Fig. 5. 3 c. Maximum steel temperature
max as a function of the opening factor
Afh/At of the fire compartment for fire
loads q . 101421 and 20 Mcal/m
184MJ/m2\. The F /Vs ratio: 100m
and the resultant emissivity (r : 0.
Worked example
Calculate the maximum steel temperature under fire exposure conditions for an
uninsulated floor girder shown in Fig. 5 4 a which carries precast concrete floor
units on Its bottom flange. It Is assumed that values of the gas temperature ~ t In
the fire compartment at vartous times are given In column 3 in Table 5 4 a
According to Equation (5, 1 c),
~(iJ. -iJ )1!11
.. V 4 a)
According to Subsection 5.
, the F s /V s ratlo for a girder as shown In Fig.
4 a can be calculated as 1ft, where t is the flange thickness per metre. This
gives Fs /Vs = 1/0 02 = 50 m
. The density of steel 
i's = 7850 kg/m . The spe-
cific heat capacity c
ps varies with Ihe temperature according to Table 5 3 aIn this worked example, however cps is assumed to be constant and equal to
13 kcal/kg Oc I 0. 54 kJ/kg Oc i . which may be regarded as a reasonable mean
-'-'-
i ..j
. '" . .
'-4
4 ~ I
. . ~
Fig, 5 4 a. Steel floor girder carrying precast concrete
floor units on the bottom flange
Table 5. 4 a. Calculation of the steel temperatu-
re-time carve for a floor girder of the configu-
ration shown tn Fig. 5. 4 a
Line Time a(IccaIJ
.. Rod (min) eC) "Ch) ('C) C) ~(I) (2) (3) (4) (5) (6) (7)
207 27, 187
622 593
850 775
164
894 730 100
264
937 673 109
373
900 102 527
461
850 105 389
528
734 206
560
620
S68
5.w -28
564
value of cps at the steel temperatures in question. The length of the time in-
terval ~t is made 2 minutes, i.e. t = 1/30 h.
With the above values substituted Into Equation (5 4 a), we have
(1J, fC) (5. 4 b)
The surface coefficient of heat transfer CIC is calculated according to Equation
(5. 4 b) with the assistance of Fig. 5 4 e, the resultant emissivity (
r in
accordance with the recommendation in Subsection 5. 4 being put equal to 0
Calculation of the steel temperature-time curve by means of Equation (5. 4 b) Is
illustrated in Table 54 a. 
The steel temperature at the beginning of the fire is assumed to be ~ s = 20 O
(line 1, column 7). In the middle of the first time interval the temperature of
the fire compartment
, -&
t, Is given as 2070C? (line 2~ column 3). With these tem4
peratures, Fig. 5. 4 e gives a value of 151roal/m Oc h forClC r' With ( r =
, Equation (5 4 b) gives a value of a = 27.5 kcal/m2 Oc h (Une 2, column
4), The difference between the temperature of the fire compartment 
-& t 
and the
steel temperature -&s is 1870C (Une 2, column 5). These values of a and the dif-
ference in temperature give the rise in steel temperaturet.-& s during the first
time Interval as gOC (line 2, column 6). The steel temperature after 2 minutes
Is thus 20 + 9 = 2goC (line 3, column 7). Calculation is to be continued In the
same way for each time Interval until the steel temperature has attained a max-
Imum. As will be seen In the table, the maximum steel temperature of 568oC is
reached after 18 minutes
Comparison of the calculated steel temperature-time curve
with that measured in fire tests
The calculated steel temperature-time curve Is compared In Fig. 5 5 a with the
temperature-time curve measured in fire tests for an uninsulated steel floor
girder (43). With the exception of the top flange of the girder, agreement between
the calculated and measured temperature-time curve for the section Is good. The
temperature In the top flange is consistently lower than In the rest of the girder.
This Is due to the fact that the top flange Is exposed to less direct 
radiation than
the bottom flange
. and also that there is continuous conduction of heat away from
the top flange into the cooler concrete slab. No account has been taken of this
conduction in calculating the steel temperature-time curve.
1000
500
20min
Fig. 5. 5 a. Calculated(---) and measured 
(-) 
steel temperature-time (~s - t) curve for unln-sulated HE 220 B steel girder
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Structural fire design
General
(I) This section gives rules for steelwork that can be either:
- unprotected;
- insulated by fire protection material;
- protected by heat screens.
NOTE: Examples of other protection methods are water filling or partial protection in walls and floors.
(2) To detennine the fire resistance the following design methods are permitted:
- simplified calculation models;
- advanced calculation models;
- testing.
NOTE: The decision on use of advanced calculation models in a Country may be found in its National Annex.
(3) Simple calculation models are simplified design methods for individual members , which are based on
conservative assumptions.
(4) Advanced calculation models are design methods in which engineering principles are applied in a
realistic manner to specific applications.
Simple calculation models
General
(I)P The load-bearing function of a steel member shall be assumed to be maintained after a rime in a
given fire if:
d ~ (4.
where:
d is
' is
the design effect of actions for the fire design situation , according to EN 1991-
the coITesponding design resistance of the steel member, for the fire design situation , at
time 
(2) The design resistance at time should be determined , usually in the hypothesis of a unifonn
temperature in the cross-section , by modi tying the design resistance for normal temperature design to
EN 1993- , to take account ofthc mechanical properties of steel at elevated temperatures, see 4.
NOTE: In 4. 3 R,;. , becomes MO."Rd, NO. Rd etc (separately or in combination) and the coITesponding
valucs of MO Ed, NO Ed etc reprcsent EO
(3) If a non unifonn temperature distribution is used, the design resistance for nonnal temperature design
to EN 1993- 1 is modified on the base of this temperature distribution.
(4) Alternatively to (I), by using a unifonn temperature distribution , the verification may be caITied out in
the lemperature domain , see 4.2.4.
(5) Net-section failure at fastener holes nced not be considered , provided that there is a fastener in each
hole , because the steel temperature is lower at joints due to the presence of additional material.
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(6) The fire resistance of a bolted or a welded joint may be assumed to be sufrlcient providcd that the
following conditions are satisfied:
I. The thermal resistance (drlArJ, of the joint s fire protection should be equal or greater than the
minimum value of thermal resistance (dr "r)m of fire protection applied to any of the jointed
members;
Where:
dr is the thickness of the fire protcction material. (dr ~ 0 for unprotected members.
J., is the effective thennal conductivity ofthe fire protection material.
2. The utilization of the joint should be equal or less than the maximum value of utili2ation of any of
the connected members.
3. The resistance of the joint at ambient temperature should satisfy Ihe recommendations given in
ENI993- 1.8.
(7) As an alternative to the method given in 4.2. 1 (6) the fire resistance of a joint may be detennined using
the method given in Annex D.
NOTE: As a simplification the comparison of the level of utilization within the joints and joined members
may be perfonned for room temperature.
Classification of cross-sections
(I) For the purpose of these simplified rules the cross-sections may be classified as for nonnal
temperature design with a reduced value for as given in (4. 2).
~ 0 85 (235 Ih, 0.5 (4.2)
where:
the yield strength at 20o
NOTE 1: See ENI993-
NOTE 2: The reduction factor 0 85 considers influences due to increasing temperature.
Resistance
Tension members
(I) The design resistance No, Rd of a tension member with a unifonn temperature should be
determined from:
Rd ~ NRd()tI.O /IM, (4.
where:
the reduction factor for the yield strength of steel at temperature e reached at
time t see section 3;
the design resistance ofthe cross-section Npt" for nonnal temperature design
according to EN 1993-
NRd
(2) The design resistance No Rd at time of a tension member with a non-unifonn temperature
distribution across the cross-section may be detennined from:
,,""~ '""""
~ai
~'f1J
~0'-
ffi1
'
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Nn", :tA, k O.i 
/, 
I Y,u, (4.4)
where:
an elemental area of the cross-section with a temperature 
the reduction factor for the yield strength of steel at temperature /1" see section 3;
the temperature in the elemental area Ai,/1,
(3) The design resistance Nn, Rd at time / of a tension member with a non-unifonn temperature
distribution may conservatively be taken as equal to the design resistance Nn. Rd ofa tension member with a
uniform steel temperature O. equal to the maximum steel temperature reached at time /.
23. Compression members with Class 1 , Class 2 or Class 3 cross-sections
(I) The design buckling resistance Nb n".Rd at time / of a compression member with a Class I , Class 2 or
Class 3 cross-section with a unifonn temperature should be determined from:
cRd ~ Xn oJ,IJ'M, (4,
where: is the reduction factor for flexural buckling in the fire design situation;is the reduction factor from section 3 for the yield strength of steel at the 5tCei
temperature O. reached at time /.
(2) The value of Xn should be taken as the lesser of the values of Xy,n and X"n determined according to:
Xfl 
'1', +'1'1'0 -
(4,
with
- - 
=-(I+a"o+"o 
and
"=0 ~235 / 
The non- dimensional slenderness JG for the temperature 0" is given by:
I (k o I k (4,
where:
the reduction factor from section 3 for the yield strength of steel at the steel
temperature /1" reached at time /;
the reduction factor from section 3 for the slope of the linear elastic range at the
steel temperature reached at time /,
EN 1993- 2:2005 (E)
0.4
Effective yield strength
k,.o - f"o 
Slope of linear elastic range
O = E "o 
200 800 1000400 600
Figure 3.
Temperature (o
Reduction factors for the stress-strain relationship of carbon steel
at elevated temperatures
Mechanical properties of stainless steels
(I) The mechanical properties of stainless steel may be taken from annex C.
3.4 Thermal properties
Carbon steels
3.4. 1.1 Thermal elongation
(I) The relative thennal elongation of steel Mil should be determined from the following:
- for 20oC $ " 750o
MII= 2xI0- 4xlO- 0,'- 416xlO
- for 750oC $ $ 860o
Mil = 1 1 x 10-
- for 860o C " 0, $ 1200o
1'111/= 2xlO- 2xlO-
where:
I'll
the length at 20o
the temperature induced elongation;
the steel temperature (O
NOTE: The variation of the relative thennal elongation with temperature is illU5lratcd in figure 3_
1200
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Relative Elongation "'III (x10"
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Figure 3.3: Relative thermal elongation of carbon steel as a function of the
temperature
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3.4. 1.2 Specific heat
(I) The specific heat afsteel c, should be determined from thc following:
- for 20'C :; 11, '" 600'
c, 425+7 73xlO- 69xlO, 11,'+2 22xI0- II,'J/kgK
- for600'C :; 11, '" 735'
13002
666 + JlkgK
738-8,
- for 735'C :; 11
, '" 
900'
c, 545 + 17820 JlkgK
731
- for 900' :; 11, :; 1200'
c, 650 J/kgK
where:
the steel temperature (' C),
NOTE: The variation ofthe specific heat with temperature is illustrated in figure 3.4,
Specific heat (J kg K)
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Figure 3.4: Specific heat of carbon steel as a function of the temperature
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1.3 Thermal conductivity
(I) The thermal conductivity of steel A., should be determined from the following:
- for 20"C ,; "" 800"
A, ~ 54 - 3 33 x 1O~ W/mK
for800"C'; Bo ,; 1200"
A, 3 W/mK
where:
the steel temperature ("C).
NOTE: The variation of the thermal conductivity with temperature is illustrated in figure 3~
Thermal conductivity (W mK)
400 600 800 1000 1200
Temperature ("
200
Figure 3.5: Thermal conductivity of carbon steel as a function of the
temperature
Stainless steels
(I) Thc thermal properties of stainless steels may be taken from annex C.
Fire protection materials
(3. 3a)
(3. 3b)
(I) The properties and perfonnance of fire protection materials used in design should have been assessed
using the test procedures given in ENV 13381- , ENV 13381-2 or ENV 13381-4 as appropriate.
NOTE: These standards include a requirement that the fire protection materials should remain coherent and
cohesive to their supports throughout the relevant fire exposure.
Appendix H
Upper Layer Temperature of Simple Quad Conc
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Simple Layout                   
H Surf Area 116 m²          
V Surf Area 112 m²          
Surf Area 228 m²          
Volume 213 m³          
                     
Furniture Number 
Depth 
(m) 
V or 
H* 
Surf 
Area 
(m²)(all) %V %H 
Total 
Surf 
Area 
(m²) 
%Surf 
Area 
Total 
Volume 
(m³) %Volume
Chair 
Bottom 12 0.457 H 11.0   9.50 25.73 11.300 5.070 2.386
Chair Back 12 0.102 V 6.53 5.85   9.163 4.024 1.776 0.8356
Desk 12 0.76 H 32.5   28.0 78.80 34.61 12.34 5.805
Bookshelf 12 0.204 V 45.7 41.0   59.66 26.20 4.662 2.194
Monitor 12 0.381 H 3.48   3.00 10.452 4.590 0.6637 0.3123
Partition 17 0.76 V 46.0 41.2   111.63 49.03 17.4782 8.2244
Paper 1 0.0445 H 3.62   3.11 4.94 2.17 0.0805 0.0379
Boxes 1 0.203 H 0.466   0.401 1.27 0.558 0.0473 0.0223
Total         88 44.0   132.5   19.82
                      
*V - Vertical            
H - 
Horizontal                     
 
 
 
 
 
 
 
 
 
Bank Layout                   
H Surf Area 116 m²          
V Surf Area 112 m²          
Surf Area 228 m²          
Volume 213 m³          
                     
Furniture Number 
Depth 
(m) 
V or 
H* 
Surf 
Area 
(m²)(all) %V %H 
Total 
Surf 
Area 
(m²) 
%Surf 
Area 
Total 
Volume 
(m³) %Volume
Chair Bottom 18 0.457 H 16.5   14.25 38.59 16.950 7.605 3.579
Chair Back 18 0.102 V 9.79 8.78   13.744 6.036 2.664 1.2535
Desk 6 0.76 H 16.2   14.0 39.40 17.30 6.17 2.903
Bookshelf 6 0.204 V 22.9 20.5   29.83 13.10 2.331 1.097
Table 6 0.76 H 20.1   17.3 45.13 19.82 7.64 3.593
Monitor 6 0.381 H 1.74   1.50 5.226 2.295 0.3318 0.1561
Partition 12 0.76 V 32.5 29.1   78.80 34.61 12.3375 5.8055
Paper 1 0.0445 H 3.62   3.11 4.94 2.17 0.0805 0.0379
Boxes 1 0.203 H 0.466   0.401 1.27 0.558 0.0473 0.0223
Total         58.4 50.5   112.8   18.45
                      
*V - Vertical            
H - 
Horizontal                     
 
 
Exec Suite                   
H Surf 
Area 42 m²          
V Surf 
Area 67 m²           
Surf Area 109 m²          
Volume 76 m³          
                     
Furniture Number 
Depth 
(m) 
V or 
H* 
Surf 
Area 
(m²)(all) %V %H 
Total 
Surf 
Area 
(m²) 
%Surf 
Area 
Volume 
(m³) %Volume
Chair 
Bottom 2 0.457 H 1.84   4.40 4.29 3.95 0.845 1.105
Chair Back 2 0.102 V 1.09 1.63   1.527 1.405 0.296 0.387
Desk 2 0.76 H 5.41   13.0 13.13 12.08 2.06 2.690
Table 1 0.76 H 3.35   8.0 7.52 6.92 1.27 1.665
Monitor 2 0.381 H 0.581   1.39 1.742 1.603 0.1106 0.1447
Big Chair 
Bottom 2 0.762 H 1.16   2.78 6.97 6.41 0.885 1.158
Big Chair 
Back 2 0.305 V 0.70 1.04   2.88 2.65 0.212 0.278
Sofa 
Bottom 1 0.762 H 3.25   7.77 7.65 7.04 1.24 1.62
Sofa Back 1 0.305 V 1.95 2.91   3.52 3.24 0.297 0.388
Paper 1 0.0445 H 3.62   8.66 4.94 4.54 0.0805 0.105
Boxes 1 0.203 H 0.466   1.116 1.27 1.17 0.0473 0.0619
Total         5.6 47.1   51.0   9.60
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